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ABSTRACT 
  
In certain plasma discharge experiments, it has been observed that under specific 
conditions a plasma glow discharge column tends to seek the central location of the discharge 
electrodes away from the electrode edges and chamber walls.  Further, the column appears to 
have the properties of a stabilized equilibrium plasma pinch in a glow (non-arc-like) state.  
This is unusual since, normally field enhancements occur on edges resulting in arc-like 
discharge breakdown.  Also, the column of plasma that protrudes from the anode emits 
highly intense, non-uniform light that is uncharacteristically bright for a glow discharge. 
 The main purpose of this thesis is to explore the likely experimental cause and basic 
physics of this phenomenon. In particular, the glow discharge’s secondary electron beam is 
explored and the consequences of this moderately energetic beam are examined. It appears 
that under certain conditions and assumptions, this secondary electron beam will initiate and 
sustain electron channeling and subsequent pinch forces due to charge repulsion, charge 
neutralization, and self-magnetic forces.  This theory can be expanded beyond a glow 
discharge and be applied to any moderately energetic beam that passes through plasma, as 
long as the assumptions and conditions are not violated. 
 An experimental apparatus was also constructed to investigate this phenomenon.  It 
delivers controlled pulses that generate stable and repetitive pinched discharges.  It allows the 
user to change the parameters and the conditions of the discharge and to study the conditions 
  iv 
that bring about plasma constriction.  Measurement tools were integrated into the system 
including current and voltage probes and image analysis tools.  
 Finally, the conditions and assumptions built into the theory are revisited and 
compared to experiments and simulation, in order to discuss the applicability of the theory to 
a constricted glow discharge.  Based on the models developed and on experimental 
implications, a parameter space based on the properties of the discharge has been identified 
that leads to the pinch of the discharge.  Further, from transient discharge measurements, 
various properties of the pinch have been identified. 
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CHAPTER 1 
 
INTRODUCTION 
 
 
 
1.A  Basic Plasma Theory 
 
 Plasma, the forth state of matter, can be simply described as a fluid that contains free 
electrons, ions and neutral atoms [1].  It is created through the process of ionization
 
[2]. 
Although, all gases have a certain degree of ionization [3] and thus contain the constituents 
listed above.  To be considered a plasma, the gas must also exhibit quasi-neutral and 
collective behaviors [3] where long range electric, magnetic, and/or electromagnetic fields 
can influence the nature of the medium. 
 To understand the term ‘collective behavior’ consider a gas which has very few 
ionized particles.  If the gas density (and temperature) is large enough, each ion is almost 
completely free of influence from long range forces such as inter-electromagnetic and inter-
gravitational forces.  Localized, direct contact collisional forces dominate over the long range 
forces and dictate the motion of the ion.  This localized influence and lack of long range 
influence means a neutral gas does not exhibit the properties of a plasma [3].  
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In contrast, a plasma contains enough ionized particles to allow electromagnetic 
forces and effects among these particles to dominate plasma behavior.  In other words, 
electromagnetic effects have more significant influence on the charged particles than the 
influence of short range billiard-ball like collisions.  As particles move around they create 
local concentrations of charge resulting in the generation of net electric and magnetic fields. 
These fields can have a long range effect on particles far away in the plasma.  Thus the 
motion of particles in a plasma not only depend on local collisions, but also on the state and 
behavior of particles in remote regions as well. This communication and connection of 
particles is described as collective behavior and is necessary for the ionized gas to be 
considered a plasma [3].  
The condition of quasi-neutrality means that in each volume element composing the 
plasma medium on a macroscopic level there are nearly equal number of localized positive 
and negative charges.  Since these definitions are slightly vague, some parameters are also 
defined in order to qualify an ionized gas to be a plasma.   
In equilibrium, quasi-neutrality is linked to the shielding of long range effects in a 
localized region of space.  The charges in a plasma allow the plasma to shield out electric 
potentials.  The plasma charges will redistribute in such manner that the fields from a 
localized charge is not felt by other charges outside of a sphere on a macroscopic level  As 
the thermal energy of the electrons increases, density fluctuation of charge in the microscopic 
sphere formed at lower temperatures results in field leakage from the sphere and 
consequently charges outside of the original sphere of lower temperature respond to the 
fields thereby increasing the shielding radius of the sphere.   This implies that thermal effects 
become as significant as the localized electrostatic effects.  The shielding cloud that the 
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charges form is called a sheath and its radius increases with increasing thermal energy.  The 
shielding effect is not perfect allowing a potential to exist external to the sheath and internal 
to the plasma, but it decays rapidly with distance.  The potential difference near a planar grid 
of infinite in extent in a plasma is given by 
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where the thickness of the sheath is characterized by the Debye length (λD) [3] 
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The Debye length for the one dimensional sheath is the radius of the Debye sphere shielding 
an external point charge placed in a plasma medium. 
 If the length of the plasma system, L, is smaller than the Debye length, the plasma 
will not be quasi-neutral on a macroscopic level.  Therefore, one plasma criterion is [3]: 
 
LD   (1.3) 
 
 Also, the number of charges within the Debye sphere (ND) must be significant for the 
statistical nature of the theory to be valid, therefore  
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1DN  (1.4) 
  
 Lastly, the response time of the charges due to internal space charge effects must be 
small compared to the mean free time between short range billiard ball-like collisions (τ) in 
order for the plasma to retain its collective long range electromagnetic effects and to be 
influenced by external field sources.  The space charge effects in a plasma are described by 
the electron plasma frequency (ωpe).  So a plasma satisfies the criterion [3]: 
 
1  (1.5) 
   
For a plasma with no externally applied magnetic field, the electron plasma frequency 
is given by 
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 The large mass ratio between ions and electrons (under appropriate conditions, ions 
are modeled as being stationary compared to electrons) suggests that the electrons are more 
mobile than the ions assuming all other conditions are the same.  This may be seen in Eq. 
(1.6) if the mass of the electron is replaced by the mass of the ion.  The electron plasma 
frequency is much larger than the ion plasma frequency since mi/me~1836.  When a voltage 
is applied between two electrodes containing a plasma medium in a thermodynamic 
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equilibrium, the light free moving electrons near the electrodes typically respond to the 
penetrating fields faster than the heavier, slow moving, ions since energy is linearly 
proportional to the square of the speed and the mass of the charge.   Sheath formation results 
at both electrodes.  At the anode, the fast moving electrons enter the sheath region at a 
greater rate compared to slow moving ions near the cathode.  Further, the energetic electrons 
entering the sheath gain energy in the sheath field and collide with the electrode plate.  The 
energetic electrons have enough energy to overcome space charge effects at the anode giving 
rise to a higher loss of negative charge in the plasma.  The same effect occurs at the cathode 
but the number of ions reaching the cathode sheath is lower because they move slower.  Once 
an equilibrium is attained, the plasma potential is typically the most positive potential in a 
system [1].  
 This negative voltage difference in all sheaths creates a situation in which ions are 
accelerated to the sheath as they randomly arrive.  They must arrive to the sheath with a 
certain amount of kinetic energy provided by the small potential that ‘leaks’ into the plasma.  
The criterion characterizing this effect is called the Bohm Criterion [1]. 
 These properties of plasmas create rich behaviors that are still not completely 
understood, but which can be used in many applications. Indeed, plasmas are used to conduct 
large currents [4], to reflect electromagnetic waves [5], and are even used as antennas to 
transmit rf signals [6].  
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1.B  DC Glow Discharge and the Cathode Regions 
 
 A DC discharge is not an ideal plasma as described above, although it does have 
regions that approach the plasma model [1].  These discharges have regions of weakly 
ionized gases and they are sustained by a DC electric field [7]. A typical DC discharge 
experiment contains two electrodes separated by a specific distance and held at a certain 
pressure. After a high enough DC voltage is applied, breakdown occurs and current flows.  
Refer to [7].   
There are different regions within a DC glow discharge each with their own kinetics 
and properties.  The regions are [1]:  
1. cathode layer(s) 
2. cathode dark space 
3. negative glow 
4. Faraday dark space 
5. positive column 
6. anode dark space 
7. anode glow 
However in many glow discharges we only need to consider the negative glow and 
the cathode dark space.  This is because as the electrode separation decreases, so does the 
Faraday dark space and positive column until they are no longer present [1]. As an example, 
a parallel plate DC discharge studied by Ball contained only two primary regions: the 
cathode dark space and negative glow [8].   
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For the system presented in this paper, it is not sufficient to only discuss the negative 
glow and cathode dark space.  Instead, experimental trials identify four distinct regions, the 
cathode dark space, the negative glow, the faraday dark space, and the positive column.  For 
this paper it is sufficient to discuss the following regions: 
1. cathode region (cathode dark space/sheath) 
2. negative glow region 
3. positive column 
First, consider the cathode dark space. Since there is no visible light in the cathode 
sheath, one can observe experimentally that ionization is likely limited in this region (Light is 
created mainly by relaxation and recombination. Ionization and excitation processes have 
similar energy versus cross section curves.  Though, excitation occurs at slightly lower 
energies than ionization).   Consequently, the processes that occur here are not expected to 
give rise to significant ionization
 
[1].   
A large potential difference occurs across this region.  This potential causes ions that 
happen to reach the sheath interface (after the necessary Bohm acceleration) to be accelerated 
to the cathode.  These ions are not expected to create much ionization, however they do emit 
a significant number of secondary electrons after they strike the target [1].   
These electrons are then accelerated into the plasma and end up with kinetic energies 
equal to the sheath voltage drop.  Experimentally it has been determined that there is little 
spread in these emitted electrons’ kinetic energy at the sheath-to-glow edge.  These results 
imply that electrons are accelerated fully without significant collisions, which would use up 
kinetic energy and create a wider distribution of electron energy.  This also supports the 
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assumption that ionization does not occur in this region.  These high speed electrons continue 
to travel into the glow region [1].  
The sheath length in this region is much larger than Debye length estimates.  This is 
due to the semi-permanent nature of the negatively charged cathode.  In the development of 
the Debye length, ions were modeled as motionless since they are so much slower than 
electrons.  However, this DC voltage in the sheath gives ions ample time to bunch up against 
the cathode, creating a large ‘space charge limited current region’ absent of electrons (except 
for fast secondary electrons) [1]. 
The cathode region then can be separated into 3 regions.  First is a ‘pre-sheath region’ 
where electrons are nearly equal to ions but ions are accelerated to the sheath region (in order 
to reach the velocities imposed by the Bohm criterion).  Second, a Debye region exists where 
electrons concentration diminish quickly.  Lastly is the space charge limited current region 
described above [1]. 
The other sheath region to consider is the anode region at the end of the positive 
column.  Although the anode is held at a positive voltage with respect to the cathode, it is not 
the most positive voltage in the system.  This occurs as a natural result of the limited number 
of electrons in the plasma and their more mobile nature (relative lower mass and higher 
thermal speed).  Therefore, electrons are repelled in both sheath regions, near the cathode and 
near the anode [1].  
However, the voltage drop in the anode sheath is small, so ion bunching does not 
occur at the electrode.  Also, electrons with enough energy can make it through the sheath.  
Consequently, only a pre-sheath and Debye region appear to exist.  Hence, the anode sheath 
is very small [1]. 
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 The anode is struck with ions, photons and electrons with various energies, and so the 
secondary electron emission is high, which provides energy and electrons to the glow region 
[1].  
The negative glow region near the cathode (negative electrode) contains an ionized 
gas region similar to that of an ideal plasma.  Though, differences exist.  First, this region is 
very anisotropic due to the fast electrons that are accelerated into the glow by secondary 
electron emission at the cathode.  Also, there is experimental evidence of a very small 
electric field within the negative glow [1]. 
There are three energy regimes of electrons within the negative glow region.  First, 
primary electrons are the high energy electrons provided by the cathode sheath. These are the 
secondary electrons emitted from the cathode.  Next are secondary electrons which are 
produced from recent ionizing collisions resulting in a partial loss of primary electrons 
energy.  Finally, ultimate electrons have been thermalized to the plasma temperature and are 
the most common of the three electron constituents [1]. 
The highly energetic primary electrons have a high probability of not suffering an 
ionizing collision upon passing through the negative glow region, reaching subsequent 
regions with enough energy to overcome the potential hills in the discharge.  As the energy 
of an electron increases from a threshold value, the ionizing cross-section increases, which 
means an increase in the probability of ionization.  After a certain energy however, the cross-
section decreases with increasing energy.  This is the reason primary electrons make it easily 
through the glow with a low probability of performing an ionizing collision.  A small 
percentage of primary electrons do ionize though.  Plus, primary electrons generate 
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secondary electron emission at the anode.   Primary electrons are directional and generally 
move quickly from cathode towards the anode [1].  
Thermal electrons, though they have average energies below the minimum energy 
required to ionize a gas molecule, do contribute a great deal of ionization.  Others 
characterize the energy distribution of these electrons with a Maxwell-Boltzmann energy 
distribution. The electrons at the tail end of the distribution have enough energy to ionize.  
Plus, ionization can occur in a two step process.  First neutrals are excited (which requires 
less energy than a single step ionization), then it is only a small step to ionization. It is 
suggested through these processes that thermal electrons contribute to all or almost all of the 
ionization needed to sustain a glow [1]. 
As a side note, a great deal of energy must be provided to the glow to sustain 
ionization.  This process is complicated and could be provided by a very slight voltage 
difference across the glow.  Another explanation of energy production is from plasma waves 
in the primary electron flow.  Velocity modulation and space charge bunches naturally occur 
in the glow as primary electrons move from cathode to anode.  These plasma waves then trap 
electrons with the right velocity and direction much like a surfer catches a wave under the 
right conditions.  So these waves are another explanation for the necessary heating of thermal 
electrons [1].  
 
1.C  The Positive Column and The Constricted Glow Discharge 
 
After passing the negative glow region, a dark region is encountered called the 
Faraday dark space.  Beyond the dark region is a luminous region known as the positive 
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column [1, 9, 10]. Further on, the glow discharge may have anode glow and dark space 
regions, but it may not [9, 10].  In many discharges, the positive column fills the gap from the 
end of the Faraday dark space to a small localized region just before the anode.  
 If the electrodes of the discharge tube are brought inwards, the length of the negative 
glow and cathode dark space are unaltered while the positive column decreases in length 
until it disappears completely [1, 9-11].  This implies that the positive column is not 
necessary for the maintenance of the discharge, but merely serves as a path for current to 
flow
 
[10].  According to Cobine, the positive column has the following properties
 
[10] (as a 
note, these properties are not universal for all glow discharges and operating conditions
 
[12]): 
1. The gas temperature of the column is low, and thus the conductance of this region 
(conductance provided by the concentration of positive ions and electrons) cannot 
be maintained by thermal ionization 
2. The column is an ‘ideal’ plasma, having equal parts electrons and ions.  These 
species have a Maxwellian velocity distribution. 
3. The temperature of the ions is slightly larger than the temperature of the gas, 
while the temperature of the electrons is significantly higher than both the ions 
and neutrals. 
The positive column has been studied by many researchers. Most positive column 
theories take only three effects into account: ionization, diffusion, and recombination. One 
major classical theory was described by Schottky who laid out a theory of the positive 
column that predicts macroscopic parameters such as the temperature of electrons, axial 
electric field strength, plasma density at the axis (n0), and the radial distribution of the plasma 
[9-11]. This theory uses many simplifying assumptions such as [9]: 
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1. Ionization occurs only by single electron-neutral collisions 
2. Charges are lost by ambipolar diffusion to the walls, where they recombine. 
3. Volume recombination is neglected 
The radial distribution of charge after Schottky’s analysis is a zero order Bessel 
function of first kind
 
[11, 9-11] 
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where R is the radius of the tube and 2.405 is the first zero of the Bessel function (Since 
density cannot be negative).  So, the plasma density in the positive column is not radially 
uniform, but rather is a maximum at the center of the tube and decreases as it extends out to 
the walls.   
 This theory is inaccurate under certain operating conditions.  One phenomenon that 
cannot be explained by Schottky’s theory is described by von Engel and many others.  It is 
the contraction of the positive column at high pressures [9, 13-26]. Von Engel describes the 
observation as such: when the pressure in a discharge tube is increased for a specific current, 
then the positive column (or the visible light) no longer extends all the way to the walls and it 
becomes slowly contained in the central region of the tube [9].   
 This is similar to what has been observed in the experiments performed here at 
UNLV, but with important differences.  The constricted glow discharge seen here is 
described and recorded in Chapter 3, the experimental portion of this paper.  
Von Engel admits that the mechanism of constriction is unclear, but he does give his 
prediction that at higher pressures the volume recombination rate becomes larger than the 
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ambipolar diffusion rate to the walls and electron temperature is higher at the axis, causing a 
net ionization at the center of the tube and a net recombination away from the center. This 
would effectively contain the charges near the axis [9].  
 A thorough review of this phenomenon was given a few months ago in the fall of 
2011 by Yu. B. Golubovskii et al [16].   He chronicles much of the experimental and 
theoretical work performed on the contracted positive column. By generalizing Schottky’s 
methods, researchers have developed theories to explain the constricted glow discharge. The 
balance of charged particles is given by [16] 
 
  0),(,  TnTnInDa  (1.9) 
 
where aD  is the ambipolar diffusion coefficient, I is the rate of ionization and  is the rate of 
recombination.   
Schottky simplified Eq. (1.9) by neglecting recombination and assuming ionization is 
a linear function of electron density. In these simplifications the Bessel distribution is 
obtained and constriction cannot be explained.  However, if one looks at the ionization and 
recombination terms more carefully the picture changes.  If ionization grows more rapidly 
with increasing concentration than the recombination does, and the ionization has a steeper 
radial drop, then constriction becomes possible. The column would then be confined to a 
region near the axis as shown in Figure 1.1 [16]. 
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Figure 1.1 Illustration of the ionization, diffusion, recombination theory of positive column constriction. From 
reference [16]. 
 
  It is therefore necessary to look at the elementary processes in the plasma that cause 
ionization and recombination. The author concludes that the electron-electron collisions in 
the calculation of ionization rates are extremely important and cause a non-linear dependence 
on electron density. Also, at low pressures volume recombination does not play a significant 
role, but at higher pressures and currents volume recombination prevents diffusion to the 
walls and causes a change from the diffuse glow to the contracted glow. Experiment also 
shows that non-homogenous heating does not play a significant role in the contraction of 
certain gases, such as neon and argon, but it is the main mechanism in others, such as helium
 
[16]. The reader of this paper is encouraged to refer to [16] for the many, many details that 
were neglected in this summary. Also, references [9, 13-24, 26] contain further information 
on the topic.  
 Extra anecdotal evidence of the constriction of glow discharges can be found in [27] 
and [28]. Miao et all showed significant constriction in a hemisphere-to-water DC discharge 
as current increases beyond the breakdown current [27]. Hayakawa et all performed a needle-
  15 
to-plane DC discharge at various pressures.  The experiment was performed to the right of 
the minimum of the Paschen curve (a curve relating the breakdown voltage to the pressure 
and distance between electrodes).  They found that as pressure increases, the area of 
discharge decreases [28].   
 The theories presented in the above papers seem to suffice for the conditions listed in 
their experiments.  The most important difference between the discharge presented in this 
thesis and the experiments described in the sources above is the presence of a highly 
energetic beam that will penetrate (or rather, has a good probability of penetrating) through 
the entire discharge. Due to high breakdown voltages, the secondary electron beam emitted at 
the cathode is expected to penetrate past the negative glow region and through the discharge 
completely. This is explained in more detail in Section4.A.ii. Further, experiments are not 
conducted under equilibrium conditions but are based on transient discharge conditions in 
either single or multi-pulsed mode. 
The theories reviewed by Golubovskii are purely DC glow discharges, and therefore 
they have a low voltage across the cathode dark space.  This is important because it means 
that the electron beam (secondary electrons) emitted at the cathode will have an extremely 
high collisional cross section, and thus it is less likely the beam will penetrate past the 
negative glow region.  Thus, they are allowed to treat the plasma in a very simplified way; a 
way that allows Eq. (1.9) to be used.  
 The inherent assumptions leading to Eq. (1.9) may be uncovered using theories 
developed by Bittencourt. The following is a paraphrasing of his work found in [3]. 
For a mostly uniform electron density with ideal gas characteristics, the momentum 
equation can be reduced to a first order equation, and then linearized to obtain 
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where c  is the collision frequency of the electrons and en

 is a consequence of pressure 
gradient forces.  Assuming equilibrium, the inertial force on the electron fluid specie is zero 
yielding 
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And 
 
eee nD 

 (1.12) 
 
where 
ce
e
e
m
kT
D

  is the classical electron diffusion coefficient and e

 is the linearized 
electron flux due to pressure effects.  Eq. (1.12) is known as Fick’s law.  (Note that 
Bittencourt’s e

 is not the same as Golubovskii’s recombination rate ),( Tn , but rather it is 
the term on the far left in Eq. (1.9)). This equation states that equilibrium between collisions 
and pressure forces has been achieved.    
 Eq. (1.9) and the theories that rely on it cannot be used when the effects of a highly 
energetic electron beam need to be considered.   For one, the introduction of this third species 
will create a charge imbalance which is not included in the equation. Plus, the charge 
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imbalance creates a strong non-equilibrium condition.  Equilibrium will eventually ensue, as 
will be shown in Chapter 2, but it cannot be assumed right at the onset as Eq. (1.9) does.  If 
the electron beam emitted at the cathode reaches the anode with high energy, then pressure 
forces (diffusion) and collisions may not be the dominant interaction (or coupling effect) 
between the plasma and the beam. If the electron beam emitted at the cathode reaches the 
anode with high energy, then collisions are only a small decelerating effect.  Further, because 
of its electrical nature and its transient nature, the electron beam cannot be assumed to be in 
equilibrium with collision forces and Eq. (1.9) cannot be used on the beam.  
 Instead, beam dynamics should be used in unison with plasma fluid models.  Charge 
expulsion, ion channel formation, and magnetic forces should be the dominant roles 
considered.  Collision and pressure equilibrium models (Eq. (1.9) do not suffice as the central 
role.  Rather, the effects of collisions should be added in at a later point as a small effect. 
 It is not the point of this thesis to refute the works described by Golubovskii. Rather, 
this paper deals with a completely different phenomenon, in spite of the apparent similarities. 
If one thing can be learned through experimenting with electrical discharges it is the richness 
and complexity of behavior. Small parameter changes give vastly different results.  The 
conditions presented here are much different than the conditions listed in the cited papers. 
Therefore one should expect that the physics are vastly different. Thus, it seems prudent to 
start from the beginning and impose only the assumptions that seem allowable and necessary. 
In that spirit, this thesis does not start from the diffusion model, but rather starts from the 
fluid equations from which the diffusion model is derived.  
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1.D  Pinch Mechanism 
 
If the secondary electron beam is central in the role of constriction, then the pinch 
effect, or in other words the self-magnetic forces should be considered. One important 
feature of some laboratory plasmas is the existence of a pinch.  When quick moving, highly 
directional electrons flow in a plasma, they can create an effect called a z-pinch. Current 
flowing along the axis of the cylinder (z-axis) induces a magnetic field in the θ direction.  
This field together with the cylinder of current produces a pinching force directed radial 
inwards.  This force is balanced with a kinetic pressure gradient force directed outwards in 
steady-state [29].  As Freidberg puts it, “If one thinks of the magnetic field lines as rubber 
bands surrounding a column of plasma, the tension force is then obvious [30].”  
Since a glow discharge has quick moving, highly directional electrons emitted from 
the cathode, one might expect the glow discharge to exhibit z-pinch properties. Thus, the 
constriction of the glow discharge that we see in experiment might be explained by this 
effect.  However, as will be shown, the mechanism is more complex than this and that 
electron expulsion and ion channels must be included in the model as will be discussed in 
Chapter 2. 
 
1.E  Glow to Arc Transition 
 
 It is found and reported in Chapter 3 that increasing ambient pressure gives rise to 
constriction. One danger of increasing pressure and current in order to pinch a glow 
discharge is the increased possibility of an arc discharge.  According to Risacher et all, if the 
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pressure x gap length (pd) surpasses 100 Torr*cm in a DC discharge it inevitably leads to an 
‘explosive glow-to-arc’ discharge (if enough energy can be provided by the external circuit).  
In such cases, the amount of current will grow without bounds until it is limited by the source 
[31].  Thus an increase in pressure causes an increase in the occurrence of ‘explosive’ arcs.  
 
 
Figure 1.2 “Voltage-current characteristics of an electrical discharge tube in DC mode”.  See [31]. 
 
 This phenomenon can be prevented by limiting the current provided by the source. As 
shown in the I-V curve above, if voltage of the source is held constant and current is allowed 
to grow without restriction, the glow discharge will eventually transition to an arc [31]. The 
unrestricted DC breakdown is illustrated by Takaki, et al. in Figure 1.2 [32]. 
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Figure 1.3 Transient electrical discharge. The glow discharge is shown at point 2.  The transition from glow to 
arc begins at point 3 and the arc is at full power at point 4.  Note: this arc occurs at pd = 10 Torr*cm, which is 
well below the limit of 100 Torr*cm described above.  From [32]. 
 
 They also performed experiments on current limited DC discharges using a ballast 
damping resistor.  They found when the resistance exceeded 18 Ω (corresponding to a peak 
glow current of 10 A at 10 Torr*cm) arcs did not occur [32]. 
 These experiments, show that an increase in pressure can increase the pinch effect, 
but can also cause a glow discharge to transition to an arc.  The glow discharge is relatively 
gently on the cathode, but the arc can be very harmful and cause deep pits in the cathode.  As 
such, it is more desirable to operate in the glow mode. This increases the lifetime and 
longevity of the cathode. 
 
 
 
 
 
 
  21 
1.F Applications 
1.F.i  Plasma Mirror 
 
 One heavily researched property of a DC glow discharge is its interaction with 
microwaves.  This property has been studied especially with applications to microwave 
steering, such as the steering of microwaves for radar systems [5, 33-38].  
 Ongoing research in this area has been performed in the Plasma Physics Division of 
the Naval Research Laboratory.  One example of the research is found in [5].  A summary of 
the experimental setup is shown in Figure 1.4 – Figure 1.6.  
 
 
Figure 1.4 Experimental overview of a plasma reflector built by the Naval Research Laboratory [5] 
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Figure 1.5 Electrical schematic of the Naval Research Laboratory plasma reflector [5] 
 
Figure 1.6 A plasma reflector being used to steer and direct electromagnetic energy [5] 
 
The microwaves used in this experiment are low power at 10.5 GHz. The plasma 
frequency, given by Eq. (1.6) and Eq. (1.7) must be greater than the frequency of these 
waves. Therefore, the electron density, ne, must be greater than 1.4x10
12
#/cm
3
 from Eq. (1.7).  
The planar sheet glow discharge is sustained with a low current provided by V2.  The 
currents required for ne > 1.4x10
12
 are provided by the charged capacitor C1 and a spark gap 
trigger. Pressures above 300 mTorr were avoided because the electron collision rate and 
hence absorption is not negligible in this frequency range
 
[5]. 
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 Robson et all showed that this plasma mirror, under the right conditions, reflects 
microwaves in the X-band similar to a metal plate. See Figure 1.7. 
 
 
Figure 1.7 The steering properties of the plasma reflector are similar to that of a metal conductor [5]. 
 
Other types of discharges have been studied as possible microwave steering devices, 
such as an optically generated plasma
 
[36]. 
 
1.F.ii  Plasma Disrupter 
 
 In many cases, the disruption of microwaves through either reflection or absorption is 
desired.  Woo and DeGroot showed that high power microwaves in air will cause breakdown 
and generate a plasma when the field strength is above a threshold value
 
[39].  This will, in 
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turn, either reflect or attenuate the incoming microwaves preventing transmission. The 
breakdown field required is given by
 
[39]: 
 
  2/122 232~ GHzTorrrms fpE   (1.13) 
 
At higher pressures absorption is dominant and increases with microwave power.  At 
low pressures reflection is dominant.  Either way, transmission of microwave power is 
decreased significantly when breakdown occurs
 
[39].  
A focusing lens system can allow breakdown to occur even when incoming waves are 
below threshold (see Figure 1.8)
 
[39].  
 
 
Figure 1.8 A lens used to focus microwave power to a small point, thereby inducing breakdown [39]. 
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1. F.iii  Counter Measure Against Electronic Attack 
 
 With the current development of high power microwave weapons and the threat of 
electromagnetic pulse (EMP) bombs, defense against these forms of warfare is an important 
study.  High power microwaves can destroy solid state devices putting computers and 
electronic devices out of commission.  Enclosing a device in a thick metal case will protect it 
from incoming waves.  However, this option is not always available.  Many devices must 
transit EM waves and so must have some pathway for energy to go in and out.  In many 
devices this pathway is a waveguide horn. This creates a vulnerability to electromagnetic 
attack.  
  Since it has been established that plasma and DC discharges in particular can be used 
to reflect electromagnetic energy, this effect can be used to shield and protect from 
electromagnetic attack.  When energy entering the device through a waveguide exceeds a 
threshold value, the plasma will ignite and energy will be reflected away or attenuated before 
it can reach the device.  As seen in [39], this threshold is much too high for any practical 
shielding purposes.  However, if this breakdown threshold can be brought down by adding a 
DC bias (DC discharge in Townsend mode) and by adjusting pressure, this solution suddenly 
becomes practical. Other parameters in the DC discharge can also be adjusted (such as 
current limit) in order to manipulate the amount of energy reflected and attenuated. 
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CHAPTER 2 
 
THEORETICAL EXPLORATION OF THE CONSTRICTED GLOW DISCHARGE 
USING BEAM THEORY AND ELECTRON CHANNELING 
 
 
 
2.A Background Theory on Constricted Electron Beams in Plasmas and Gasses 
 
DC discharge, electrical arcing, lightning, and other processes both natural and man-
made results in some sort of directed glow along an irregular column in space.  This light is a 
consequence of recombination or de-excitation processes which are typically a by-product of 
a plasma glow discharge.  In experiments and in nature, the center of the irregular column 
appears to be more luminous as compared to other parts of the column.  This tends to imply 
that the central portion of the column has a larger plasma density or ionized discharge gas 
density.  Further, the column appears to be stable over the time duration of the phenomena.  
This may imply that high currents generating magnetic fields tend to apply a magnetic 
pressure on the discharge thereby containing the discharge.  It is not difficult to demonstrate 
that internal space charge effects tend to dominate over magnetic pressure effects in an 
isolated charged fluid of single specie moving with uniform drift velocity.  If on the other 
hand, the energetic beam of electrons repel the cool thermal electron gas without 
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significantly being affected by space charge effects, then the background ions will through 
Coulomb effects tend to counter and stabilize the internal space charge effects of the single 
charge species beam.  This allows for the weak self-magnetic field from the beam to pinch 
the beam electrons and stabilize the pinch as long as the supply of energetic beam electrons is 
not degraded.  Although not complete, this mechanism is commonly called electron 
channeling. 
The propagation of charged beams transported through neutral gas or plasma has been 
studied in detail by many researchers. Often, the charged beam will propagate through the 
gas or plasma in a pinched mode
 
[40-42] instead of breaking up as one would expect from 
like-charge coulomb driven particles.  A common theory used to explain this phenomenon is 
such: When an electron beam enters a gas (or plasma) it ionizes this gas and ejects the light 
electrons.  This neutralizes the beam’s space charge and the electron beam can then constrict 
and propagate due its own magnetic forces; no external magnets are needed [40-48]. 
Researchers often ignore the transient nature of the problem and assume that plasma 
electrons are expelled instantaneously, or they use similar assumption for simplicity
 
[40, 41, 
43, 44, 47, 49]. The dynamics of the expulsion of plasma electrons is not often studied in 
detail.  The neutralization time is sometimes estimated using a collision dominated model, 
but this is done under linearized assumptions [41, 50].  A complete transient model that 
retains non-linear terms is not readily available in literature.  As such, the non-linear dynamic 
problem of plasma electron expulsion by an electron beam is addressed analytically under a 
variety of special conditions.   
Since glow discharges under certain conditions show pinched propagation from 
cathode to anode, the mechanism described above may be the best explanation for this 
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pinched mode.  Bennett [51] discussed the feasibility of applying this specific magnetic 
confinement theory to glow discharges.  He uses it to help explain breakdown phenomena by 
applying these principles to describe the formation of a pinched ion channel that is 
sufficiently dense to initiate emission at the cathode (initiate breakdown).  However, Bennett 
does not consider the possibility of the secondary electron beam emitted at the cathode as 
being the focusing stimulus. He assumes that the transverse energy of the electrons is too 
great due to craters on the cathode, or collisions significantly affect the electron beam 
destroying its self-focusing properties.[51].   Since experiments suggest that self-pinching 
effects of the glow or positive plasma column region of the discharge tube under transient 
conditions exists at poor vacuum pressures (1 to 20 Torr), a mechanism to describe the pinch 
effect is sought.     
Under rather rigid conditions based on physics, analytical solutions to the nonlinear, 
cold plasma, fluid equations describe the initial stages of electron channeling characterizing 
the dynamic behavior of the density of the background electron after beam introduction.  The 
equilibrium time for the system to reach it lowest energy state namely quasi-neutrality due to 
Coulomb space charge effects is computed.  The quasi-neutrality relaxation time is much 
longer that the threshold relaxation time for pinch initiation where Coulomb space charge 
effects are balanced by self magnetic field effects.  Pinch conditions and times are dependent 
upon beam velocity and the ratio of beam density to background plasma density.  Normalized 
curves are developed identifying the parameter space leading to a pinched glow discharge. 
This chapter is organized in the following manner.  Section 2.B describes the fluid 
model used and the assumptions made within the model. It then solves this model 
analytically and compares it to a numerical solution.  Section 2.C describes the length and 
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time limits of the theory. Section 2.D predicts the time at which the electron beam will pinch. 
Finally, Section 2.E concludes the chapter.  
  
2.B Electron Expulsion and Electron Channeling Model 
2.B.i Model Description and Approximations 
 
The plasma is assumed to be composed of three interpenetrating charged gas species: 
ion fluid and two electron fluids with significantly different initial states.  It is hypothesized 
that the secondary electrons emitted from the cathode sustain the negative glow and plasma 
columns and stabilizes the glow in part with its self magnetic fields.  Part of the secondary 
electron population fuels ionization and excitation thereby sustaining the glow and in part 
becomes a part of the thermal electron population.  The remainder of the secondary electrons 
suffers few collisions thereby retaining most of its energy and momentum.  This group of 
electrons is in part responsible for the self focusing effect of the negative glow region and the 
plasma column.  The ion species is assumed massive enough under the time frame of the 
experiment such that its sluggish motion may be assumed nearly zero.  A cool thermal 
electron fluid of nearly the same initial density of the ion fluid is assumed to have a zero 
initial drift velocity.  Since this electron fluid and the ion fluid are cool, their thermal effects 
are neglected.  An energetic electron fluid with uniform density is injected in the plasma 
medium.  This beam is the conglomeration of the secondary electrons emitted from the 
cathode and accelerated through the cathode dark space region.  Over the duration of the 
experiment, it is assumed: 
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 The beam electrons are so energetic that the divergence of the electron beam due to 
space charge effects in the plasma medium are negligible over the duration of the 
experiment within the overall length of the plasma discharge; 
 The electron beam is cold and drifts with nearly constant velocity along the length of 
the plasma medium assumed to be the z-direction; 
 Thermal effects among the cool thermal electrons and ions are neglected yet the 
multiple species gas has enough “thermal energy” to minimize recombination over 
the time of the experiment; 
 Further, the injected electron beam is a continuous source of energetic charge. 
Choose the beam drift velocity to be along the positive z- axis where the z-axis is 
centrally located within the plasma.  In order to neglect end and fringe effects, we assume 
that the plasma uniformly extends to infinity in the radial and z-directions.  This implies that 
the plasma density is independent of the angle of azimuth in a cylindrical coordinate system.  
Let a be the radius of the electron beam.  Since the plasma medium with injected electron 
beam is assumed to be uniform initially at least over the electron beam cross section, the 
electric field generated by the non-neutral gas has a radial component.  Consequently, the 
cool thermal electrons will experience a repulsive radial force due to the presence of the 
energetic electron beam.  Because the electron beam continuously supplies energetic 
electrons as the cool thermal electrons are being repelled out of the beam’s cross section, the 
energetic electron beam does not exhibit a net radial change in cross section and hence no 
change in radial velocity.  An equilibrium point will arise where the net Coulomb force due 
to the stationary ions cancels the space charge forces of the electron beam resulting in an 
equilibrium situation based on the physics contained in this model.  In reality, as equilibrium 
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among space charge effects result, the magnetic field of the electron beam becomes 
significant and allows for the pinching of the electron beam.  This aspect of the physics is not 
modeled in the theory below, but rather is treated in a phenomenological manner in a later 
section. 
 
2.B.ii Governing Equations and Derivation of Differential Equation  
Describing the Expulsion of Background Electrons 
 
Under the definitions and constraints listed above, the governing relations for the jth 
species are  
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where, independently, j=b, i, and e representing the beam electron fluid, cool thermal ion 
fluid, and the cool electron fluid respectively; E

is the resultant electric field in vacuum with 
permittivity of free space, o .  Here, mj, nj, qj, and jv

 are respectively the mass, number 
density, the charge, and average fluid velocity of the jth species.   
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 It follows from the initial conditions on the plasma medium with injection beam that:  
from quasi-neutrality, 000 nnn ei  , the cold plasma has no beam drift velocity, 
0,0  ei vandv

, and cold energetic electron  beam velocity is 0,0 zzbrb vvandv  .    
Here, the secondary electrons which generated the cool thermal plasma are neglected only for 
simplicity.  From neglect of end effects implying that there is no longitudinal electric field, 
the cool thermal electrons only exhibit radial motion due to a uniform charge imbalance and 
the heavy ions are assumed static.  With the aid of the continuity equation Eq. (2.1), the cool 
thermal ion number density is constant.  Further, from the steady state condition implying 
that the divergence of the electron beam current density is zero, the electron beam density is 
constant with time.  As a result, a radial electric field will be generated resulting from space 
charge effects.  The cool thermal electrons will in turn respond to the presence of this field 
finding a condition of minimum energy.  With the aid of Gauss’s law, Eq. (2.3), and the high 
degree of cylindrical symmetry, the space charge field can be expressed as 
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where the number density of the electron specie as a whole responds to the field uniformly 
with respect to space.   
Eq. (2.2) can also be cast into an energy conservation relation 
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 From Eq. (2.4) and the definition of potential, an explicit expression for the quasi-
static voltage can be obtained. 
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The following normalized definitions have been defined in a self consistent manner 
for time tt pe
~
, background electron density   eoee ntntn )
~
(~ , background ion density 
eoii nnn 
~ , electron beam density eobb nnn 
~ , beam current   12~  cnaeII eo , voltage 
  12~  cmeVV e , axial length cpe 
~
, velocity cvv ~ , cylindrical radius arr ~ , and 
force   12~  peeamFF  . Where   2
1
2
eoeope mne   is the electron plasma frequency, a is 
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the initial radius of the electron beam, c  is the speed of light, em is the mass of an electron, 
e  is the charge of an electron, and o  is the permittivity of free space. Therefore, we can 
re-express Eq. (2.12) as such, 
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making use of Eq. (2.13) and Eq. (2.7) and assuming that the initial energy of the cool 
thermal electron fluid is nearly zero, the radial velocity of the of the thermal electron fluid as 
a function of the electron fluid density is 
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For a uniformly distributed electron density, the continuity for the thermal electrons 
given by Eq. (2.1) along with Eq. (2.14) yields the internally self-consistent relation 
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The cool thermal electron density profile is given by Eq. (2.15). Eq. (2.15) can be placed in 
another form for convenience.  Let  
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Eq. (2.15) transforms to  
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Defining  
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Eq. (2.17) may be rewritten as 
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Eqs. (2.15) and/or (2.21) are evaluated based on a number of different constraints later on in 
this chapter. 
 
2.B.iii Solution of Differential Equation Using Perturbation Approaches 
 
It is important at this point to consider the initial conditions and the expected 
equilibrium using physical qualitative arguments.  This way, the various solutions can be 
compared to what is expected.  Before the beam is introduced, due to quasi-neutrality, the 
background electron density should equal the background ion density.  As t  approaches 
infinity, the background electron density will decrease to zero if the ion density is lower than 
the beam density.  This is because the imbalance in charge density can never be equalized 
and the electric force will continue to eject electrons until none are left. As t  approaches 
infinity, the background electron density will decrease to the difference between the ion 
density and the beam density.  This is because as soon as this point is reached, the charge 
imbalance in the system will no longer exist and the electric force will equal zero. These 
results are summarized in Table 2.1 below. 
 
Table 2.1  Initial and final conditions of the background electron density 
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Case 1:  ib nn
~~   
 
 Under the special case in which the initial energetic electron beam density equals the 
ion beam density, Eq. (2.15) simplifies to  
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Upon multiplying through by 2
3~ 
en , applying the multiplication rule, and integrating both 
sides of the relation over time, the nonlinear cool thermal electron density may be written as 
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As time approaches zero, the electron density approaches the initial electron plasma density.  
As time approaches infinity, the thermal electron density approaches zero as expected since 
the energetic electron beam does not diverge significantly and hence the space charge field 
contribution generated by the energetic beam is constant with time.  The quasi-neutrality 
condition was not imposed in this case.  Therefore, neo (which is implicit within )
~
(~ tne ) may 
also include that fraction of beam electrons needed to achieve and stabilize plasma 
production.  As a result, one may allow oioe nn   or ioeo nn  .  
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Case 2:  
 
1~~
~
~~ 


ib
e
ib
nn
tn
nn  
 In this case it is assumed that    ibe nntn
~~~  .  Applying the binomial expansion 
and retaining up to second order terms, Eq. (2.15) is recast into the form  
0~~~~
~
32
 eee
e ncnbna
td
nd
 
(2.24) 
 
where  
 
)~~(2 ib nna   
(2.25) 
ib nn
b
~~2
2

  
(2.26) 
  2/3~~8
2
ib nn
c

  
(2.27) 
 
 Eq. (2.24) can be multiplied by tae
~
, the first two terms can then be combined into a perfect 
differential, and finally the whole equation can be divided by taeen
~~  as shown here. 
 
0~~~~
~
32~






 eee
eta ncnbna
td
nd
e  
(2.28) 
    0~~~~~ 32
~~
 ee
ta
e
ta
e ncnbenen
td
d
 
(2.29) 
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         0~~~ln~~~~~~
1 32~32~
~  ee
ta
eee
ta
eta
e
ncnben
td
d
ncnben
td
d
en
 
(2.30) 
 
This then yields 
 
0~
~
22
~
  taytay eceebey
td
d
 
(2.31) 
 
where  taeeny
~~ln .  Assume that c is negligible and divide by ye .   
 
0~
1 ~
  ta
y
bey
td
d
e
 
(2.32) 
tay bee
td
d ~
~
   
(2.33) 
 
The first order differential equation may be solved to yield 
 
)~~(2
~
)~~(2
~
1)~~(2
)~~(2
)
~
(~
ib
ib
nnt
ib
nnt
ib
e
enn
enn
tn




  
(2.34) 
 
This expression is valid under the assumption that energetic beam electron density is 
much larger than twice the initial plasma density.  As time approaches zero, the cool thermal 
electron density is the initial plasma density.  As time approaches infinity, the thermal 
electron density monotonically approaches zero as anticipated.  The electron number density 
in Eq. (2.34) can be extended beyond the initial quasi-neutral state, that is 1~ in . 
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Case 3:   bei ntnn
~~5.0~   
 
 Consider Eq. (2.21) under the approximation that   bei ntnn
~~5.0~  .  The nonlinear 
term in z is neglected.  Consequently,   ozttz 
~~
 .  Substituting into Eq. (2.21) and 
solving in terms of z gives 
 
0
0
~
lnln
~
~
1 ~
~~~
~
000
z
tz
AeeAeAe
td
d tzz
td
tzx
 




  
(2.35) 
0
2
0
~
2
~
~
0
z
ttz
Aee
xx


   
(2.36) 
1
~
2
~~
1
~
2
~
~
2
0
0
2
0
0
0
0




ttzA
z
ettz
z
A
e
e
x
x
x

 
(2.37) 
 
Where 
tz
z
zex ~
0
0

  .  Solving in terms of z yields 
 
1
~
2
~~
~
)
~
(
2
0
0









ttzA
tz
tz


 
(2.38) 
 
Re-expressing z in terms of the number densities of the three charged species, Eq. (2.38) can 
be rewritten as 
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    
   
2
2
2
2
~~~
2
1~~1~2
~~~~1~22~~)(~









tnntnn
tnnnn
nntn
biib
biib
bie  
(2.39) 
 
As time approaches zero, the density of the cool thermal charge equals the background ion 
density as required for quasi-neutrality.  This relation is meaningful only over the time 
interval 3max
~~
0 tt  .  As normalized time t
~
 (or time) becomes large, Eqs. (2.16) and (2.38) 
must approach zero yielding a minimum energy state.  Both conditions are satisfied only if  
 
 
 bi
ib
nn
nn
t ~~
~1~2~
3max


  
(2.40) 
 
As time t
~
 approaches 3max
~
t   the thermal electron density approaches the ion density minus 
the energetic electron beam density; bi nn
~~   as expected. 
 
Case 4a:   bei ntnn
~~5.0~  , bi nn
~~   
 
Eq. (2.21) is employed under the condition that α [Eq. (19)] in Eq. (2.17) is small 
compared to 2
~
zA  [Eq. (2.16)].  Under this constraint,   bei ntnn
~~5.0~  .  Two separate 
conditions are possible.  In this case the background ion charge density is assumed to be 
greater than the energetic electron beam density; bi nn
~~  .  At 0
~
t , 
  42 
  10~~ 
eo
eo
e n
n
tn consequently, the ibi nnn
~5.0~~   satisfies the general inequality 
constraints for this case.  As t approaches a large value, the charge distribution seeks a lower 
energy state.  Since background ion and electron beam densities are assumed constant, then 
the background electron density must decrease in the energetic electron beam region.  
Therefore, radial Coulomb space charge effects repel the thermal electrons from the plasma.  
Hence,   0~~~~  ibe nntn  as time t
~
increases from its initial value.  To satisfy the general 
inequality condition as time approaches its maximum value for the validity of the 
perturbation at 4max
~
,    biae nntn ~~2
~~
4max  .  Again, from the general inequality, this implies 
that ib nn
~5.0~   or equivalently,   ibi nnn
~5.0~~  .  Consequently, for time, 
ibbi nnnn
~5.0~~~    implying   biei nntnn ~~
~~~  .  Here, bn
~  is the beam density 
approached from the negative side or lower side.  It is important to note that as at 4max
~
is 
approached, the minimum energy state has not been achieved implying that 
  biae nntn ~~
~~
4max  .  Although the beam density lies between the ion density and half of its 
value implying that the much greater than condition is weakened, this case is assumed 
appropriate with some reservation.   
 
Neglecting α in Eq. (2.17), )
~
(tz  becomes 
 
 
1
~~
~


o
o
ztA
z
tz  
(2.41) 
 
where )0
~
(  tzzo .  Substituting into Eq. (2.21) yields the integral relation 
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 




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

  tdeAde
t
z
t
A
x o ~~
~1~
2
~
2
 
(2.42) 
 
Using the definition of the error function, Eq. (2.42) can be expressed as 
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(2.43) 
 
 
Making use of Eqs. (2.16), (2.20), and (2.43), the cool thermal electron density can be 
expressed as 
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(2.44) 
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(2.45) 
 
At the initial point in time, the quasi-neutrality among thermal charge species is 
satisfied.  In the limit that time approaches infinity, the cool thermal electron density 
approaches  bi nn
~~   as anticipated to satisfy an equilibrium condition.  It is noted that the 
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theory is actually valid when    biae nntn ~~2~
~~
4max   where at 4max
~
is less than infinity.  From 
Eq. (2.41) and Eq. (2.16) it can be shown that  
 
    










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
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1~
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ib
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o
a
nn
nn
nntz
z
Az
t  
(2.46) 
 
For the equilibrium condition to be satisfied, )
~
( 4max atz  in Eq. (2.46) is replaced by 
zero implying that the equilibrium time is infinity as suggested by Eq. (2.44).  This implies 
that the theory is questionable for times greater than at 4max
~
but the correct minimum energy 
condition is attained so the physics is still enforced at the endpoint in time, t .  
Consequently, for all time, Eq. (2.44) satisfies the condition    biei nntnn
~~2~~   for 
att 4max
~~
0  and approximately satisfies the physics of the problem over the background 
density range      biebi nntnnn
~~~~~2   for  tt a
~~
4max . 
 
Case 4b:   0~~~  tnn ei , ib nn ~~    
 
 Consider the case when the energetic electron beam density is greater than the 
background ion density.  Eq. (2.21) is employed under the condition that α [Eq. (2.19)] in Eq. 
(2.17) is small compared to 2
~
zA  [Eq. (2.16)].  Further, a conservation of charge principle 
  0~~~  ibe nntn  must be satisfied as time t
~
increases from its initial value( 0
~
t ).  
Initially, at 0
~
t , quasi-neutrality ensues and 0~ bn .  Under this assumption, the 
background electron density ranges between the ion density and zero;   0~~  tnn ei .  As t
~
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approaches a large value, the net charge distribution seeks a lower energy state.  Since, bn
~  
and in
~  are assumed constant, then the background electron density must decrease in the 
energetic electron beam region.  Therefore, radial Coulomb space charge effects repel the 
thermal electrons from the plasma.  As will be shown, the validity of the perturbation theory 
is bounded in time. 
The formalism leading to the background electron density is identical as that obtained 
by Eq. (2.44).  Hence for ib nn
~~  , one can deduce  
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(2.47) 
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(2.48) 
 
The error function with imaginary argument may be recast into a different form based on its 
integral definition.  It can be shown that 
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(2.49) 
 
where 
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(2.51) 
 
and  0~  to  .  At the initial point in time, 0
~
t , the cool thermal electron density 
satisfies the quasi-neutral condition; 1)0
~
(~ tne .  The relation only has meaning over the 
time duration btt 4max
~~
0  .  As t
~
approaches bt 4max
~
 , the electron beam density must vanish 
in order to be in a minimum energy state based on the initial constraints of the physics.  
Therefore, )
~
(tz given by Eqs. (2.16) and (2.41) must approach   21~~ ib nn  .  The time leading 
to these constraints is  
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Upon substitution into Eq. (2.51), 
 
2
1
4max b  
(2.53) 
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As time approaches the maximum time given by Eq. (2.52) and Eq. (2.53), the electron 
density in Eq. (2.49) approaches 
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(2.54) 
 
Within the  bi nn
~~   range 214max b  and, with corresponding extremes, 
021  o ,  bt 4max
~
0 , and   845.0~0 4max  btF  respectively, the ratio of the 
background electrons versus the background ions at the maximum time is illustrated in 
Figure 2.1.  When bn
~ is greater than but near one, within the validity of this perturbation, the 
majority of electrons are expelled from the electron beam region.  When the beam density 
approaches 10 times the ion density, less than 10 % of the total electrons are expelled from 
the region within the validity of the theory.  This implies that this perturbation case is only 
significant over a very narrow parameter space.  It will be shown that the other perturbation 
techniques presented do not agree well within this narrow parameter space. 
 This is also in agreement with bt 4max
~
 which shows that as bn
~ , 0
~
4max bt .  
Therefore, as bn
~  increases, the valid portion of the curve decreases.  Although the 
perturbation appears valid for  bn
~1  from btt 4max
~~
0  ,  it is only accurate for  
1~ bn as 1
~ bn  as shown in Figure 2.1. 
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Figure 2.1 The endpoint electron density of Case 4b for different values of bn
~
 shows that Case 4b is only 
accurate as bn
~
 approaches 1. 
 
2.B.iv Plotting and Comparison of Solutions  
 
A comparison of the different cases within their valid parameter space is conducted 
against the numerical solution of Eq. (2.15).  Initially, quasi-neutrality condition is assumed 
implying that the number of background ion charges approximately equals the number of 
background electron charges.  In each of the four graphs, the numerical solution is the solid 
line.  A thin vertical line designates the maximum time a particular perturbation technique is 
valid.   
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(a)       (b) 
 
(c)      (d) 
 
(e) 
Figure 2.2 a-e  The normalized background electron density initially in a quasineutral state with its background 
ion specie in the presence of an electron beam density with normalized beam density a) 1.0~ bn , b) 1
~ bn , 
c) 01.1~ bn , d) 2
~ bn , (e) 99.0
~ bn .  In all plots, the solid line is the numerical solution from Eq. (2.15).  
The remaining curves are (a) dashed line - Case 3 (vertical line corresponds to the maximum normalized time 
for Case 3), (b) the dash line - Case 1, (c) the dashed line – Case 2 and the dashed-dotted line – Case 4b, and (d) 
dashed line - Case 2 and the dashed-dotted line - Case 4b (vertical line corresponds to maximum normalized 
time for Case 4b). (e) dashed line - Case 3, dot-dashed line – Case 4a 
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When the normalized beam density is less than one as illustrated in Figure 2.2a, Case 
3 [Eq. (2.39)] most closely fits the numerical solution for times up to 3max
~
t .  At this time, the 
background electron density has reached its anticipated asymptotic value.  Therefore, for 
times exceeding 3max
~
t  the dynamics of the beam exceed the validity of the model.  Under 
appropriate conditions, pinch effects on the electron beam are anticipated.  In Figure 2.2b, the 
numerical solution and Case 1 [Eq. (2.23)] are identical.  This is anticipated since Eq. (2.23) 
is the analytical solution to Eq. (2.15) for  1bn
~ .  When the beam density is slightly larger 
than the initial electron plasma density (initial background electron density), Case 4b [Eq. 
(26)] tends to show good agreement with the numerical result as illustrated in Figure 2.2c.  
Although Case 2 [Eq. (2.49)] is valid at the asymptotes it deviates significantly from the 
numerical curve.  This is reasonable since Case 2 is valid for ( 1~ bn ).  When the 
normalized density is two ( 2bn
~ ), Case 2 matches identically with the numerical solution 
over all time.  Here, Case 4b only shows good to reasonable agreement up to its maximum 
normalized time given by Eq. (2.52).  In Figure 2.2e, Case 4a shows good agreement with 
Case 3 and the numerical solution.  This is due to at 4max
~
approaching infinity as bn
~  
approaches one from the left. Also, 3max
~
t  approaches infinity as bn
~  approaches one from the 
left.  So, neither at 4max
~
 nor 3max
~
t  are shown in Figure 2.2e since they do not fit on the plotted 
time scale. Case 4 only works well as 1~bn , so Case 3 is a better solution for the range 
1~ bn  
To summarize, perturbation techniques have been identified to allow for nonlinear 
analytical solutions of Eq. (2.15) covering the entire parameter space.  Good agreement with 
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the numerical solution results if: a)  1~ bn , Case 3 [Eq. (2.39)]; b) 1
~ bn , Case 1 [Eq. 
(2.23)]; c) 1bn
~ , Case 4b [Eq. (2.49)]; and d) 1~ bn , Case 2 [Eq. (2.34)] are used. 
 
2.C  Beam Divergence Study 
 
The cylindrical beam approximation is examined based on time of flight and 
relaxation times.  The relaxation time is the time duration when estimated self-magnetic field 
forces balance the opposing internal beam forces such as space charge forces and pressure 
gradient forces.  Consider the Coulomb force of an infinitely long cylindrical beam of 
uniform volume charge density, eobv nne
~ .  Even though the background charge is 
treated as being quasi-neutral, the beam electron density is normalized to the background 
charge, beob nnn
~  where the symbolic notation bn
~  is retained, and the electron beam density 
is posed as being nearly constant implying eobob nnn 
~ .  Assuming the charge distribution as 
a whole does not significantly change its electric field properties in the duration of the 
experiment leading to pinch, the force acting and trajectory of a single beam electron on the 
outer perimeter of the beam is followed.  For the beam radius normalized to ‘a’, the initial 
diameter of the beam, the force acting on a single charge is  
 
r
tr
n
F b ˆ
)
~
(~2
~~


 
(2.55) 
 
where   tr ~~  is the time varying radius of the individual electron being followed. The 
trajectory equation can be re-expressed as 
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Constraining the initial radial electron beam velocity to be zero at 1~ r , the radial velocity 
of the electron is  
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(2.59) 
 
 It is anticipated that the electron trajectory will only give rise to perturbation motion 
about the cylindrical beam.  Let rr 1~ .  The natural log is Taylor expanded and then 
binomial expanded.  Retaining only the first term in the expansion yields  
 
  2/1~~ rn
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(2.60) 
 
Assuming the first order term is one order of magnitude larger than the next term in 
the series expansion, this relation is only valid under the constraint 5/1r ; the trajectory of 
the beam electron is constrained to not expand beyond 20% of the radius of the beam.  This 
further implies that the electron beam itself will retain its cylindrical shape with at best a 20% 
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in beam radius.  This expression is used as a measure of the change in the cylindrical 
property of the cylindrical beam from its original geometry in terms of beam radius.  With 
the initial condition 0r , Eq. (2.60) leads to 
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 As a worst case scenario, the distribution of background and beam electrons at time 
0
~
t  is assumed constant over all space.  The free beam expansion time, the amount of time 
it takes for the cylindrical beam to deform to 10% of its original radius ( 10/1r ) in the 
presence of space charge effects, is   
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An allowable 20% radial expansion ( 5/1r ) yields a normalized free expansion time of  
 
   %10~2%20~ fefe TT   (2.63) 
 
Consider the uniform spatial profile of the electron beam current is independent of 
time at the electron beam origin.  If the time it takes for a beam electron to drift the length of 
the beam exceeds time feT
~
 and/or the time it takes the electron beam to remove the cool 
thermal electrons (background electrons) from the electron beam volume to promote electron 
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channeling and self-magnetic focusing to ensue for the pinch condition exceeds time feT
~
, then 
the cylindrical beam approximation is either weak or not valid.  Relating the charge density 
to the electrode current, I
~
, by way of the convection current density of the beam for a non-
relativistic motion, 
 
V
I
nb ~
2
~
~   
(2.64) 
 
The 10% normalized free expansion time, feT
~
, of the electron beam is 
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whereV
~
 is the normalized potential difference across the plasma sheath.   
For constant longitudinal motion considering only Coulomb space charge repulsion 
from the electron beam in the absence of the plasma, the maximum free expansion length of 
the beam resulting in an increase in beam radius is  
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In order for the cylindrical beam approximation to be valid one of the following two 
conditions must be satisfied.  Either the distance between the cathode and anode must be 
shorter than distance of separation between the discharge electrodes 
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or the beam must pinch well before the beam expands  
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It is noted that the maximum free expansion length and the free expansion time are 
inversely related to the square root of the beam current and respectively proportional to the 
cube of the fourth root and the fourth root of the beam voltage. 
A practical laboratory discharge at 10 Torr with plate separation lp=3 cm in has a 
measured discharge voltage and discharge current of 2.26 kV and 1 A respectively at a point 
in the discharge cycle.  The change in voltage and current is small compared to time of flight.  
The discharge voltage and current are directly related to the electron beam energy and current 
as a first approximation.  Based on the radius of the visible glow, the electron beam radius of 
a=0.3 cm is measured.  The plasma density which is the initial background electron density is 
estimated as neo= 10
17
 m
-3
 (equivalently sradxpe /.
1010781 ) which is in line with most 
glow discharges.  The normalized beam voltage, beam current, and distance of separation 
between the plates are 00440.
~
V , 00740.
~
I , and 781.
~
p .  The right hand side of the 
inequalities for 10% expansion in Eq. (2.67) limiting the distance traversed by the beam and 
Eq. (2.68) imposing a condition on the expansion time related to the pinch time respectively 
yields 0.1190 and 2.26.  The first condition does not exceed one so the free expansion of the 
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beam exceeds the 10% allowed change in the beam radius.  Consequently, beam inertia alone 
is not enough to keep the beam radius intact at these beam energies.  The second condition 
states that a 10% beam expansion can occur if the normalized pinch time 262.
~
pinchT  
implying that the pinch time nsTpinch 130. .  If the electron beam is an external beam 
injected into the discharge where the external beam’s energy and current are both controlled, 
the minimum beam voltage needed for limiting Coulomb defocusing to 10% of its original 
radius between the electrode plates for the current provided is  kVV 638.  ( 0750.
~
V ).  
The electron beam density under this condition assuming the same plasma density provided 
is 3151091  mnb .  ( 0190.
~ bn ). 
 
2.D  Time Required to Pinch 
 
As background thermal electrons are expelled from the electron beam region, the 
background ions generate a focusing Coulomb force that partially or totally compensates the 
beam’s repulsive space charge force.  The ion space charge force when added to the beam’s 
self space charge and self-magnetic force results in beam expansion or contraction depending 
on the relative magnitudes of the competing forces.  Summing the Coulomb and magnetic 
space charge forces acting on the beam electrons assuming the beam is non-relativistic gives 
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It is assumed that background electrons move slowly generating an insignificant self 
magnetic field and, in the presence of the electron beam’s self magnetic field, experience an 
insignificant change in trajectory internal to the electron beam.  Further, the background ion 
specie is assumed stationary and the electron beam density is nearly cylindrically symmetric 
over the time duration of the pinch.  The electron beam’s temporal and spatial profiles over 
the cross section of the beam at the beam input is constant implying that a constant supply of 
new energetic beam electrons passes through a fictitious area of constant radius.  These new 
beam electrons reinforce and sustain the cylindrical beam approximation.  The cylindrical 
beam approximation will be addressed in the next section.  
 Initially since the discharge is assumed quasi-neutral, the electron beam experiences a 
repelling force since 1)0
~
(~ tne .  As the background electrons leave the electron beam 
region, a state of equilibrium on the beam electrons will be reached in a time duration which 
will be denoted as the pinch time, pinchT
~
 where the net force acting on the beam is zero.  The 
equilibrium condition, in terms of the potential energy that the beam is accelerated through, 
is  
 
 VnnTn bipinche
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 Since it is assumed that the background electron trajectories internal to the electron 
beam are not influenced by the electron beam’s focusing magnetic field, the expressions for 
the electron density as determined in Section II is representative of the electron background 
density given on the left hand side of Eq. (2.70). 
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In the case where the beam is less dense than the background plasma ( 1bn
~ ) the 
solution found in Case 3, Eq. (2.39) can be combined with Eq. (2.70) in order to solve for 
pinchT
~
.  
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Using the quadratic formula and retaining the physically realizable solution (t>0) gives: 
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(2.72) 
  
In the case where the beam density is just as dense as the background ion density 
ib nn
~~  , Case 1 solution should be used. Combining Eq. (2.23) with Eq. (2.70) and assuming 
the beam is non-relativistic, and then solving for pinchT
~
 gives the following solution. 
 
2~~
1~

Vn
T
i
pinch  
(2.73) 
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 When the beam is much more dense than the plasma ( 1~ bn ) the solution of Case 2 
is used in the same manner to solve for pinchT
~
. 
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 As will be shown, as the beam density approaches the plasma density from its larger 
side, Case 2 does not yield a good approximation to the electron density and the pinch time.  
Case 4b provides a better fit and is used to determine pinchT
~
 in the parameter region as 
1~bn .  However, because of the complexity of the solution of Case 4b, pinchT
~
is solved 
numerically in brute force fashion, using Eq. (2.49) to find the point in time at which Eq. 
(2.70) is satisfied.  Or in other words, the program checks the value of Eq. (2.49) each point 
in time until Eq. (2.70) is satisfied and this value of time is recorded for various values of 
bn
~ and V
~
. 
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Figure 2.3 Normalized time required for the beam to achieve equilibrium and transition from expansion to 
contraction. Solid lines a, b, c, and d correspond to the normalized beam energies 001.0
~
V , 032.0
~
V , 
0556.0
~
V , and 32.0
~
V  consecutively.  Region A, B(case 1 region), C, D, and E are denoted by dotted 
vertical lines are represent the various partitions of the parameter space where different solutions are valid. 
Region A corresponds to Case 3, Region B to Case 1, Region C to Case 4b, and Region E to Case 2. Free 
expansion times at 10% expansion and 20% expansion are represented by the dashed lines.  The intersection 
between each solution (curves a-b) and the 10% expansion line gives the limit for the validity of this method.  
Figure 2.3 depicts the normalized pinch time pinchT
~
 over the entire normalized beam 
density bn
~  parameter space bounded by the free expansion time feT
~
 of the electron beam 
(dashed curve) given by Eqs. (2.62) and (2.63).   The plot is divided into 5 discrete regions 
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labeled as A, B, C, D, and E.  Region A corresponds to the parameter space 1~ bn .  Eq. 
(2.39) [Case 3] is used to characterize the pinch time in this region.  Region B is the 1~ bn  
point.  The exact nonlinear solution to the density equation (Case 1, Eq. (2.23)) is used.  The 
pinch time is identified as a large dot in the figure.  Case 4b [Eq. (2.49)] describes the pinch 
time in region C where  1~bn .   The extent of this region was chosen such that the error 
between the exact nonlinear solution and the approximate solution deviated by no more than 
10% difference in final time (final time estimated to be the time elapsed after reaching 90% 
of the final value).  Region E, where the parameter space 1~ bn , is characterized by the 
approximate solution Case 2 [Eq. (2.34)].  As bn
~  approaches 1, Case 2 deviates significantly 
from the exact solution.  Consequently, the normalized density that demarcates the 10% error 
from the exact solution provides an upper bound for region D. In region D, the approximate 
solutions from either extremes yield an error that exceeds 10%.  In this region, one can 
interpolate between the endpoints of region C and E to obtain a reasonable pinch time since 
the approximation in regions C (Case 4b) and E (Case 2) respectively overestimates and 
underestimates the background electron density as shown in Figure 2.3.  
The pinch time was plotted for four normalized voltages (and corresponding beam or 
discharge voltages): a) 001.0
~
V  (511 V), b) 0320.
~
V  (16.38 kV), c) 0556.0
~
V  (28.5 
kV), and d) 320.
~
V  (163.8 kV).  Because a classical theory was applied, line d is the 
limiting maximum normalized voltage for the validity of the theory (Refer to Appendix A).  
Line a corresponds to a beam (discharge) voltage of about 500 V.  So, the region bounded by 
the free expansion time curve (dashed line) and lines a and d gives rise to the parameter 
space where the nearly uniform cylindrical beam approximation is valid.  Further, the beam 
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will exhibit pinch because of a combination of electron channeling and self-magnetic 
focusing.  Typically, a glow discharge voltage will fall between curves a and b (500V and 
16KV).  For a particular beam voltage (glow discharge voltage), as the beam density increase 
relative to the plasma density, the beam takes longer to pinch assuming the pinch time is less 
than the free expansion time.  It is also observed that as the beam approaches a relativistic 
condition, the normalized beam density can exceed one implying that magnetic focusing 
effects is significant. 
From this plot it can be stated that an electron beam that is accelerated through a 
potential difference of 500 V (a common value for a glow discharge, which corresponds to  
001.0
~
V ) will pinch only if the electron beam density is less than about 40% of the initial 
plasma density yielding a pinch time of about pe5.1 .  For 4.0
~ bn , the cylindrical beam 
assumption becomes less valid and theoretical pinch predictions should be accepted only 
with reservation. 
Region D is the space at which neither Case 2 nor Case 4b are within an acceptable 
error.  The error is determined by finding the time at which each curve reaches 90% of its 
final value. This time is then compared to the time when the numerical solution reaches 90% 
of its final value. A 10% error was chosen to be acceptable.  The error is a function of bn
~ . 
From calculating the errors for various normalized beam densities, the  limits of Region D 
extend from 1.1~ bn  (Case 4b error is 9.4% at the C-D boundary) to 25.1
~ bn  (Case 2 error 
is 8.3% at the D-E boundary)  .   
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Table 2.2 Error in final time for Case 4b [Eq. (2.49)] and Case 2 [Eq. (2.34)] as a function of bn
~
 when 
compared to the numerical solution. 
bn
~  
%90
~
T  % Error for Case 4b %90
~
T  % Error for Case 2 
1.05 1.81% 31.4% 
1.1 9.4% 19.6% 
1.15 38% 13.8% 
1.2 INF( never reaches 90%) 10.6% 
1.25 INF 8.3% 
1.3 INF 6.8% 
2 INF 1.4% 
 
 
2.E Conclusion of Theory 
 
An original theory was developed to explain what affect a moderately energetic beam 
has on a cold background plasma. In particular, the repulsion of background electrons was 
solved analytically.  The forces on the electron beam were determined and a time at which 
the net force switches from repulsive to compressive.  A parameter space was determined to 
describe the experimental conditions required for pinch. This theory can be applied to any 
moderately energetic beam that passes through plasma, as long as the assumptions and 
conditions are not violated.  However, it was constructed to explain the pinching of a pulsed 
glow discharge.  This pinched pulsed glow discharge will be explored experimentally in 
Chapter 3. 
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CHAPTER 3 
 
EXPERIMENTAL EXPLORATION OF THE  
CONTRICTED GLOW DISCHARGE 
 
   
 
3.A Experimental Setup and Apparatus 
 
 It was observed that a glow discharge will constrict under certain operating 
conditions, and an experimental apparatus was constructed to observe the phenomenon.  
A DC discharge tube was constructed at UNLV by Christopher Smith in 2008. It is basically 
a parallel plate capacitor placed within a vacuum chamber. A description of the specifics of 
the construction can be found in reference [52].  This tube was modified and used for these 
studies.  
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(a) 
 
(b) 
Figure 3.1a-b Electrical discharge tube experimental setup. Two different vantage points shown, with labels 
identifying important features. 
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The experimental setup is shown in Figure 3.1.  The important features of the setup 
are identified by labels.  This figure depicts the electrical setup for the pulsed glow mode, 
which will be explained in detail later.  The following paragraphs along with Figure 3.1 
provide a summary of the experimental setup.  Later on in this section, the full details will be 
provided 
The following components are all labeled in Figure 3.1b. A high power supply (which 
is to the right and not fully pictured, but is labeled in Figure 3.1b) connects to the source 
resistance, which is connected to a shunt capacitor.  This capacitor also connects to a ballast 
resistance, which in turn leads to the parallel plate discharge tube. Finally, the vacuum gauge 
is also labeled in the figure, which displays the pressure of the discharge tube. 
In Figure 3.1a on the left side pictures the electrical diagnostics, including a high 
voltage probe, current sensing resistor, and an oscilloscope (the oscilloscope is outside of the 
picture view, but its labeled with an arrow pointing to the left edge of the photograph). On 
the right side of Figure 3.1a the discharge tube is pictured along with the plastic vacuum 
tubing that leads to the vacuum pump.  The vacuum pump is not pictured.  Finally, the 
camera and optical stand are labeled.  The camera can also be mounted above the discharge 
tube on a bench mount that points downwards.  This mount is not pictured. This is just an 
overview of the experiment.  The full details of the experimental setup are given below. 
A Plexiglas cylindrical tube (OD 8”) is placed between two Lexan square plates and 
bolted together with rubber Viton sheets at both connections to provide a vacuum seal. All 
threaded lamp pipe kit brass tubes protrude from both Lexan ends into the chamber with 
aluminum plates attached to the inner end of the tubes.  These circular plates face each other 
forming a parallel plate capacitor.  They are both 4” in diameter, 1/8” thick and constructed 
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from 6061 aluminum alloy (98% pure aluminum) and have been placed 1.18” (3cm) apart.  
The copper tubes are connected to external vacuum components as well as external electrical 
circuitry.  This allows for control of the chamber pressure.  It also allows a voltage to be 
placed across the parallel plates. If this voltage exceeds a certain value (the breakdown 
voltage dictated by the Paschen curve) then breakdown will occur and plasma will be 
produced between the plates. This plasma will be either a glow discharge or an arc discharge.  
The tube can be operated in two different modes depending on the external circuitry.  
One mode is a pulsed glow mode, as shown in Figure 3.2. In this mode high voltage pulses 
are applied to the aluminum plates, which leads to a pulsed breakdown across the plates. The 
maximum voltage pulses up to 5 kV and current draws of 5 A have been observed in the 
discharge.  This amount of current and power is not sustainable at DC, but is very stable in 
this pulsed mode circuit. This system allows high voltage and high current operation without 
arcing.  
The system operates by using a high voltage power supply to slowly feed a capacitor 
bank with current, which slowly increases the capacitor bank voltage.  This capacitor bank is 
connected to the discharge tube and when it reaches the breakdown voltage of the tube (this 
voltage depends on the pressure and distance of separation according to the Paschen curve) 
breakdown occurs, plasma is formed between the plates, and current begins to flow through 
the system quickly. The voltage across the plates drops quickly once breakdown occurs 
which causes the capacitor bank to release its excess charge. The current is slowed by a 
ballast resistor placed between the capacitor and discharge tube. Once the capacitor bank 
reaches the voltage of the tube, no more current can be conducted and the glow discharge is 
extinguished. The capacitor bank is then slowly fed until it reaches the breakdown voltage 
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again, and the process repeats. By changing the source resistance (Rs) and source voltage 
(Vs), the repetition rate can be controlled.  By changing the capacitance (C0) and ballast 
resistance (Rb), the pulse length can be controlled.  By changing the ballast resistance (Rb), 
the peak current of the pulse can be controlled.   
Discharge
  Tube
Co 300pF
Rs
5.4 Mohms
Rb
200 Ohms
Vs
0-5KV
0 00
 
Figure 3.2 External electrical system design for the pulsed glow discharge system. Actual values change 
depending on experiment. 
 
As was mentioned above, there are four system parameters that can be varied in order 
to change the properties of the glow discharge. They are peak current, current pulse width, 
pulse repetition rate, and pressure.  Control of these parameters is achieved by varying four 
control inputs.  These are the vacuum system, capacitor, ballast resistor, and voltage source.  
However, it is not completely clear cut; all of these parameters are coupled. When increasing 
the pressure, the breakdown voltage increases and therefore the peak current increases as 
well.  Changing the ballast resistance will give control over the peak current, but it also 
changes the pulse width because pulse width is dependent upon resistance multiplied by 
capacitance.  Changing the capacitance will give control of the pulse width, but it also affects 
the repetition rate because a large capacitor takes longer to charge than a small capacitor. The 
only control input that has no effect on the other parameters is the voltage of the high voltage 
supply.  Table 3.1 summarizes the control inputs and the system parameters. 
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Table 3.1 Control inputs and the direct and indirect parameters they affect 
Control Input Direct Parameter Indirect Parameter 
Vacuum system Pressure Peak Current 
Capacitance Pulse Width Repetition Rate 
Ballast Resistor Peak Current Pulse Width 
Voltage Repetition Rate None 
 
The other mode that the discharge tube can be operated in is a purely DC mode.  The 
high voltage power supply is connected directly to the discharge tube and the DC voltage 
breaks down the air between the plates and a DC glow discharge is established. The current 
is then controlled by the ballast resistance and power supply voltage. This is what is 
traditionally used in glow discharge experiments. See Figure 3.3 for details. 
 
Vs
0-5KV
Rb
500 Ohms
    DC 
 Discharge 
   Tube
00
 
Figure 3.3 DC discharge electrical schematic. Actual values change depending on experiment 
 
As described in Section 1.E, as pressure and current are increased the risk of an arc 
occurring is increased.  It was found that in order to observe the intense pinched column in 
the glow discharge the tube must be operated at high currents and high pressures (relative to 
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many glow discharges).  These high currents and pressures always lead to arcs and streamers 
when the tube is operated in DC mode.  This prevented the observation of the intense 
pinched glow discharge. Also, at these high powers the DC discharge tube heats up 
tremendously and there is significant risk of damaging the system.  Thus, in DC mode the 
pinched column could not be studied.  In pulsed mode however, it was possible to achieve 
very high currents (>1A) at very high pressures (>10Torr) without arcing. Under these 
operating conditions a very intense pinched column is observed.  This column is not an arc 
and does not cause cathode damage that is visible to the eye. The physics of the pinched glow 
discharge is the basis of these studies. Consequently, the system was operated mostly in 
pulsed mode.  
The voltage and current of the glow discharge are measured by external probes as 
shown in Figure 3.4.  The voltage is measured by a 1000x1 HV probe (Tektronix P6015).  
This probe is valid for rise times greater or equal to 4.5ns.  See Figure 3.5 and Figure 3.6 for 
technical specifications.  
The current is measured by a series resistor placed between the discharge tube and 
ground.  This shunt resistor has a resistance of 1.752Ω and an inductance that was too low to 
measure with the LCR meter in the lab. Thus, it should be able to measure quick changes in 
current. 
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Figure 3.4 Schematic of external electrical system including voltage and current probes. 
 
Figure 3.5 Maximum input voltage derating versus frequency. Found in Tektronix P6015 datasheet. 
 
 
Figure 3.6  Tektronix P6015 high voltage probe specifications. Found in Tektronix P6015 datasheet. 
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 The plasma glow is examined using a digital camera with a 30 frames per second 
frame rate.  As the electrons and ions in the glow discharge recombine and de-excite, they 
will emit light.  It is assumed that the light intensity will be proportional to the plasma 
density since twice as many particles will emit twice as many photons. If a line is drawn from 
the cathode to the anode, then the camera is pointed perpendicular to this line.  Each pulse is 
captured by one frame and the frames are then separated using the video editing program 
Corel Video Studio Pro X4.  Since the frames are spaced 33ms apart and the pulses last for 
less than 1ms, the cameras cannot capture any time resolution of the glow.  Instead, as the 
shutter opens it gathers a time averaged image of the pinch.  It is assumed that the 
equilibrium pinch is established very quickly (which the theory supports) so that the time 
averaged pinch seen in the frames is a good representation of the equilibrium pinch. The 
frames are then processed using Matlab code to determine the equilibrium spatial 
characteristics of the pinch.  See Figure 3.7 below for an example of the captured frame and 
an example of the equilibrium pinch. More information about the image processing 
techniques is given in Section 3.B. 
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(a)     (b) 
Figure 3.7a,b Frame extracted from a single glow discharge pulse at pressure 10 Torr, Io = 1.1A, and 300pF 
capacitance. (a) Shows the common shape of the constricted glow including the various regions. (b) Shows the 
plate positions when the glow is off and flashlight is shined on them. As seen from (b) the cathode is on the 
right and the anode is on the left in both pictures. 
 
 As a final note on the experimental apparatus, the vacuum connectors used in Smith’s 
2008 experiment were replaced with Swagelok Ultra-Torr series connectors.  This moved the 
minimum pressure to 0.5 Torr down from about 3 Torr.  It also allowed the pressure to be 
held at a specific pressure for much longer. The pump was also replaced by a pump with a 
variable pump rate.  This was done to control the pressure of the tube by varying the pump 
speed. However, changing the pump speed had little effect on the ultimate pressure and only 
changed the rate at which this pressure was achieved.  In the end, the pressure was controlled 
by bringing the chamber to the specific pressure and closing off all valves.  Any gas tank can 
be connected to the system. However, the gas used was simply Las Vegas air. 
 Also, the electrodes were sanded down regularly using 400 to 2500 grain size sand 
paper, followed by a cleaning with alcohol and lint free cloth.  This removes any pits or 
impurities in the cathode and anode. 
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 Finally, Table 3.2 gives a list of the various components mentioned above as well as a 
description of each component. 
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Table 3.2  List of experimental components and specifications. 
Component Description 
Aluminum Plates Alloy 6061 (98% aluminum), 4” Diameter, 1/8” Thick, 1 3/16” 
separation between plates 
Chamber Walls Plexiglas cylinder, 8” OD 
Two square Lexan end plates 1cm thick 
Capacitor Bank Composed of ~5nF capacitors linked in parallel, number of capacitors 
controls total capacitance 
Ballast Resistors High Power Ohmite resistors, series L225j 
225 W continuous, 2,250 W peak and 2W ceramic resistors. 
HV Probe Tektronix P6015, Bandwidth 75 MHz, Valid for rise time > 4.5ns 
Current Sensor 1.752 Ω, low inductance shunt resistor 
Oscilloscope  Tektronix TDS 784C, 1 GHz, 4GSa/s, 1MΩ or 50 Ω channels, 4 
channels total  
Power Supply Gamma model #RR5 200R, 0-5KV, 0-2A continuous 
Vacuum Pump Agilent Triscroll 300 Inverter Dry Scroll Pump 
Neutral Gas Las Vegas air. From 2 to 20 Torr 
Vacuum 
Connectors 
Swagelok Ultra-Torr series 
Vacuum Sensor Varian PCG-750  
Secondary 
Camera 
Fujifilm Finepix S2000HD, 10Mpxls,27mm , 30 frames/sec,  
Main Camera Fujifilm Finepix S2950, 14Mpxls, 28mm, 30 frames/sec 
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3.B  Image Processing Techniques 
 
 As discussed in the Section 3.A, image processing techniques are used to analyze the 
equilibrium pinch of the plasma.  Transients are assumed too quick to be captured with the 
cameras used in this experiment.  After the desired frame is separated, it is imported into 
Matlab for image processing.  If the pulsed glow repetition rate is slower than 30 Hz, then 
each frame consists of one single pulsed glow.  If the repetition rate is faster than 30 Hz, then 
each frame consists of multiple pulsed glows at the exact same operating conditions.  Since 
the operating conditions are the same, then these multiple pulses should be nearly identical 
and will appear in the image to be one single pulse and they are treated as such. 
 The image processing techniques is used for one major purpose in this stage of 
experimentation. It is used to measure the pinch radius by looking at the light emissions.  
Using the image processing code, the full width half maximum (FWHM) of the light 
emission can be measured at the center of the discharge where the pinch column exists.  
Under the assumption that light will be emitted in the region of space where plasma exists, 
the diameter of the plasma pinch will approximately equal the FWHM of the light emission. 
Thus, the image processing code measures the diameter of the plasma column under various 
experimental conditions.  
In future work, this code can be modified to observe any drift or curve in the plasma 
column. The center of the light intensity is measured from cathode to anode and plotted as a 
function of distance.  This extracts any change in height due to magnetic field steering. The 
light intensity is measured along a cross section of the image (along a vertical line) and after 
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subtracting the noise level, the center of light intensity is calculated similar to a center of 
mass calculation.  
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 Full details of the image processing program as well as the Matlab code can be found 
in Appendix B. 
 
3.C  Formation of the Pinched Glow Discharge, Including Radius Studies 
 
From experiments performed using the system described in this chapter, it was found 
that a stable pinch could be created in a glow discharge at high pressures (above 5 Torr) if a 
pulsed system is employed.  Under DC conditions, the glow destabilizes into damaging arcs, 
and the desired pinch is not observed.  When the pulsed system is initiated at pressures above 
5 Torr, a constricted glowing column is observed between the plates.  This column wanders 
around the cathode, sometimes resting upon a spot on the cathode for a long period of time. 
If the pressure is decreased below 5 Torr, the column disperses and the glow covers nearly 
the entire plate. 
In the set of experiments described here, the following conditions were attempted. 
The pressure was varied from 1 Torr to 20 Torr. The ballast resistance was varied from 166 
Ω to 2.98 kΩ.  The voltage source varied from 1 kV to 5 kV.  The capacitance was varied 
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from 165 pF to 3881 pF.  These conditions lead to the following measurement ranges: peak 
currents from 44 mA to 3.2 A, pulse widths between 1.5 μs and 15 μs, and repetition rates 
between 10 Hz and 5000 Hz. 
The peak current, breakdown voltage, pulse width (from 10% to 10%), and repetition 
rate were recorded from the oscilloscope.  The glow diameter (full width half maximum) 
along with peak intensity (in pixels) was extracted from the image processing code  Some 
data points were too dim to extract image data. The signal to noise ratio was too low.   
From this data, conclusions can be drawn about the effect the various experimental 
conditions have on the pinch radius.  Within the range of conditions published here the stable 
plasma column diameter is mostly a function of pressure and seems nearly independent of all 
other parameters.  Repetition rate has a small effect on the diameter, but it is not as important 
as pressure.   
There is an asymptotic behavior of pinch diameter with pressure.  At low pressures 
between 1-3 Torr, the glow discharge nearly fills the entire area of the plates. As the pressure 
is increased to 4 or 5 Torr, the glow area begins to quickly form a column and the radius 
decreases greatly.  At 6 Torr, and a diameter of half an inch, the column reaches a point 
where it pinches further with increasing pressure, but it does so slowly.  From 6 Torr up to 20 
Torr, the diameter decreases slowly from 0.5” to 0.2”. The effect of pressure on pinch 
diameter is shown in Figure 3.9 where every data point is plotted.  The spread in diameter at 
the high pressures (after pinch formation) is due to changes in repetition rate.  When only 
data points between 100 Hz and 1000Hz are plotted, this variation decreases at high 
pressures as seen in Figure 3.10.  The variance in measured diameter at the lower pressures is 
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probably due to a low signal to noise ratio.  When the glow is diffuse and covers a large area 
of the cathode, the light is very dim and the image processing code becomes less reliable.  
In order to observe the effect of repetition rate, the same data was plotted versus 
repetition rate holding pressure at 10 Torr. The plot is shown in Figure 3.11.  This seems to 
imply that each pulse has some influence on the subsequent pulse.  In addition, the next pulse 
is always positioned approximately were the last pulse ended, with only minor deviations.   
As for peak current, increasing it does increase the peak light intensity, but seems to 
have no effect upon the plasma column radius.  This implies that as current increases beam 
electrons must be occupying the same radius. The pinch diameter is plotted versus peak 
current at 10 Torr using the same data set, excluding large variations of repetition rate, in 
Figure 3.12. 
In the range of pulse widths that were used in this experiment, pulse width seems to 
have little effect upon the radius.  However, increasing the capacitance will increase the pulse 
width while simultaneously decreasing the pulse repetition rate due to longer charging times. 
The change in repetition rate does affect radius. Thus, care must be taken to keep the 
repetition rate high or else the beam will expand slightly when changing the capacitance. As 
a side note, a set of experiments (not published here) were performed with an enormously 
large capacitance and pulse widths nearing one second.  Under these conditions, the 
discharge was in the form of an explosive arc, covering the entire region between the plates 
with an explosive white light and making a loud noise.  This explosive arc tended to damage 
the plates and cloud the tube walls.  So there seems to be a total beam energy limit, due to a 
large pulse width, in which temperature effects destabilize the pinch and change the results 
significantly. This destabilizing energy limit was not determined experimentally at this time. 
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The last important observation is the shape of the constricted stable plasma column.  
It is not perfectly cylindrical but rather reaches a minimum near the midpoint between the 
plates, and bows up slightly towards the anode.  The diameter near the cathode is large due to 
the large diameter of the negative glow.  
The complete set of data for the experiments described in this section can be found in 
Appendix D. 
 
Figure 3.8 Common shape of the constricted glow. The horizontal axis is the distance from the cathode in the 
direction of the anode. Note the large radius at the cathode (horizontal axis = 0) is due to the large radius of the 
negative glow. Also, a minimum is reached at the midpoint, and the radius increases again near the anode. 
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Figure 3.9 Complete set of pinch diameter versus pressure data. Other parameters vary widely, but have little 
effect.  Peak currents range from 46 mA to 3,196 mA.  Pulse width varies from 1.5 μs to 15 μs. Repition rate 
ranges from 10 to 5000 Hz. 
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Figure 3.10 Pinch diameter versus pressure for all data points with repetition rates between 100 and 1000 Hz. 
Peak currents range from 46 mA to 3,196 mA.  Pulse width varies from 1.5 μs to 15 μs. 
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Figure 3.11 Pinch Diameter as a function of repetition rate at 10 Torr. Peak current and pulse width vary.  
 
Figure 3.12 Pinch diameter is plotted against peak current. Effect that peak current has on pinch diameter is 
minimal. In this plot repition rate varies from 75 to 900 Hz and pulse width varies from 1.5μs to 12 μs 
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3.E  Transient Oscilloscope Studies  
 
In order to obtain a better understanding about the current and voltage characteristics 
of the initial portion of this pulsed discharge, oscilloscope data was saved for the following 
experimental conditions: pressure of 10 Torr (due to the good pinched plasma column at this 
pressure), ballast resistance of 158 Ω, capacitance of 300 pF, and repetition rate around 600 
Hz.  
The raw data results are shown in Figure 3.13. The breakdown voltage is measured to 
be 2500 V. The voltage stays nearly constant while the current rises rapidly. However, by the 
time the current reaches its peak, the voltage drops quickly to large negative values. 
If one observes the current closely, and ignores the small oscillations, two straight 
lines with two distinct slopes can be observed.  These slopes can be extremely useful in 
modeling techniques as will be described in Chapter 4.  It is believed that these slopes 
characterize the loading effects of plasma describing plasma formation and pinch.  
Three different time scales are plotted in Figure 3.13. The nanosecond time scale 
shows the initial development of the glow discharge and the initial rise in current.  As was 
noted, the voltage stays nearly constant in this time scale.  The microsecond time scale shows 
the entire current pulse and the subsequent voltage drop.  Note that the current does not go 
negative (at least not significantly enough to be measured at this vertical scale), but the 
voltage does.  Finally, the millisecond time scale shows the capacitor charging cycle.  This 
includes charging to the breakdown voltage, discharging quickly, and subsequently 
recharging.  
  84 
The breakdown voltage was measured for the experiments described in Section 3.D 
and plotted as a function of pressure.  The plate separation is 3cm. As can be seen in Figure 
3.14, the system is on the right side of the Paschen curve.  This is important because as 
pressure increases, so does the breakdown voltage. As a note, the measured breakdown 
voltage was compared to published breakdown voltages [53] and was found to be 8% higher. 
This could be due to a number of possible factors, such as a slight change composition 
changes, humidity or temperature. The error is not significant enough for this work to 
investigate further.  
 
 
(a)      (b) 
Figure 3.13 Scope data as measured experimentally with an oscilloscope under the following conditions: 
158bR , cmd 3 , kVVbr 5.2 , pFCo 300   The (a) transient nature on both μs and ns time 
scales and the (b) the transient nature with pulse repetition rate on a ms time scale.  The thin solid sloped lines 
in (a) illustrate the change in slope of the current on the nanosecond scale indicating a transition in the nature of 
the discharge load.  This transition line is argued to be the sheath formation time. The thin solid vertical line 
illustrates the intersection point to be around 30ns. The (a) pulse width is 1 μs and (b) the pulse repetition period 
is 1.87 ms yielding a duty cycle of 0.053%. 
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Figure 3.14 Measured breakdown voltage with plate separation equal to 3cm. 
 
 
3.E  Experiment Conclusion 
 
 In summary, we have created a system that creates pulses of stable constricted plasma 
in the form of a glow discharge.  Many characteristics of the discharge were successfully 
controlled, including pressure, pulse rate, pulse width, and peak current. The experiments 
were the motivation behind the development of the theory found in Chapter 2.  In the next 
chapter, theory and experiment results are discussed. 
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CHAPTER 4 
 
CONCLUSIONS 
 
 
 
4.A  Revisiting Assumptions and Discussions on the Experiment and Theory 
 
An original theory was developed in Chapter 2 including the formation of normalized 
curves which identify the parameter space leading to a pinched glow discharge.  In this 
section, the underlying approximations of the theory are observed and justified. This is done 
with simple particle collision studies.  The theory is applied to multi-pulsed glow discharges 
with small duty cycles and ambient pressures at 2 Torr and 10 Torr.   Further, different 
regimes of the transient nature of the discharge are identified based on discharge voltage, 
current, and energy measurements recorded in Chapter 3.  Finally, a qualitative summary 
presents the experiment through the lens of this original theory. 
 
4.A.i  Beam Divergence Approximations Revisited 
 
First, the free expansion of the electron beam in the radial direction is reconsidered to 
determine its space charge effect on the properties of the beam. A 10% and 20% deviation in 
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the beam radius was assumed to be acceptable for imposing the radius of the cylindrical 
electron beam to be constant.  Although the 20% percentage resulted from an appropriate 
single order of magnitude argument in the expansion leading from Eq. (2.59) to Eq. (2.60), 
the error in the electric field was not examined.   
A measure of the error is formed from the ratio of the radial electric field of the 
constant cylindrical electron beam approximation,  rErapp , to the radial electric field of the 
beam allowed to freely expand,  rEr exp , and is compared over the entire radial range from 
zero to the radius of the expanded beam where the background electrons are potentially 
expelled leading to quasi-neutrality between the beam electrons and the background ions.  On 
the beam axis, both fields are zero therefore it is excluded in the comparison.  Define the 
inside radius of the expanded beam as r=a(1+P) where P is the decimal point fraction of the 
percentage.  The electric fields internal and external to the beam are suggested by Eqs. (2.4) 
and (2.55) respectively.  The presence of the background charges are excluded in this 
analysis.  Even though the distribution of electrons are different, the number of beam 
electrons in the volume of the expanded beam between z and z+z  is equivalent to the 
number of charges in the constant radius beam approximation within the same range of z.  
Therefore, the ratio of the radial field of the nearly constant electron beam to that of the 
expanded beam    rErE rrapp exp  is  
2
1 P for ar  and    22 1 Pra   for  Para  1 .  
Relative to the expanded beam, the fractional error in the electric field is 22 PP  for 
ar 0 and     11 22  Pra  for  Para  1 .  A 10% and 20% change in radius 
results in a maximum error of about 21% and 44% respectively.  
Although the error is large, it is a worst case scenario since the free electron 
expansion property only exists initially in time and becomes more constrained as the 
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background electrons are expelled from the beam as new beam electrons are supplied to the 
beam.  In other words, this expansion is based on vacuum conditions, so it is a worst case 
scenario. 
 
4.A.ii  Beam Collision Studies, Sheath Discussions, and Transient Current Observations 
 
  The beam was assumed to propagate through the system without suffering a 
significant number of large angle collisions.  Consequently, the collisional properties of a 
pulsed glow discharge are delineated. 
  An estimate of the electron beam’s ability to initiate and sustain background electron 
beam repulsion leading to closure and a pinch condition is examined.  A very simple, crude, 
inelastic binary collision model following the collision cascade in one dimension based 
solely on the beam’s initial drift energy has been developed to aid in the study.  The 
underlying assumptions in the numerical simulation are:  
1.  The initial beam electron energy, oE , for all of the electrons contained in the 
electron beam is dictated by experimental peak discharge voltages for experimental pressures 
of interest;  
2. When a collision occurs, that fraction of charge experiencing the collision will lose 
the same amount of energy;  
3.  All electron collisions with N2 molecules are treated as inelastic collisions based 
on the total collision cross section for electron energies from 0 to 100 eV and only electron-
impact ionization cross section for electron energies greater than 100 eV;  
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4. For simplicity, next generation background electrons are not followed but their 
kinetic energy gain based on a Monte Carlo technique is a loss to the beam electrons;  
5.  Finally, all collisions are in the forward direction.  
In experiment, the initial discharge voltage is much larger than the steady state or 
near steady state voltage. Typically, a 500 ns discharge voltage fall time results as the 
discharge voltage approaches an equilibrium state (obtained from experiment, see Figure 
3.13).  The number of beam electrons available to the pinch is dictated by the discharge 
potential or the breakdown voltage and the capacitance of the discharge electrode assembly 
just prior to breakdown.  Within the fall time duration, pinch formation is visibly noticeable.  
This implies that the pinch time is less than the fall time.   
Within a Monte Carlo purview and the validity of this simple model, it is intended to 
show that the beam electrons have the potential to yield a pinch condition. Elastic collisions 
are treated as inelastic collisions for simplicity.  Since the number of charges is large, small 
angle collisions are more prominent than large angle collisions implying that the electron will 
exhibit a nearly straight line trajectory until an inelastic collision occurs.  To account for all 
collisions, at energies up to and including 100eV, the total cross section for the nitrogen 
molecule is used.  At energies greater than 100eV only the ionization cross section is used 
since the total collision cross section approaches that of the ionization cross section.   
The maximum energy loss due to the kinetic energy gain of next generation 
background charges is 15 eV based on other’s estimates [1].  The first ionization potential of 
atomic nitrogen is the energy threshold lost in the inelastic energy collision.  Although it is a 
weak assumption to impose that all collisions are in the forward direction since the electron 
is much lighter than the ion, boundary conditions impose that the electric field between 
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parallel plate electrodes is tangential to the to the pinch column and hence must penetrate the 
column.  Consequently, this electric field helps to motivate the average drift direction.   
To simplify the logistics of the simulation, an energy bin index j and a distance 
increment index i are defined where j=1,2,…, N, )( EE  Integerj ,  EE  oIntegerN , 
oE is the initial energy of the beam electrons, i=0,1,2, …, M, and  xLIntegerM   .  The 
energy bin resolution and the distance resolution is defined through E  and x  respectively.  
Define  xif j   as the fraction of the total beam electrons in the jth energy level after drifting 
a distance x  for   xixxi  1  with the probability     ttjj xnxixiP  exp;E  
that an electron beam charge in the jth energy state will not suffer a collision.  Here, nt is the 
density of the target neutral gas atoms/molecules and t  is the energy dependent collision 
cross section.  Then, the fraction of the total beam electrons in the jth energy after traversing 
a distance L is 
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where      xixiPxixiP jjjj  EE ;; 1  the probability that a collision has occurred,   is 
the Kronecker delta function, and     KEionkk xixi EEEE  .  The energy loss due to 
ionization is represented by eVion 514.E .  Numerically, this is the first ionization potential 
of the nitrogen molecule.  The kinetic energy gain by the next generation electron is an 
electron beam energy loss defined through KEE .  Using a Monte Carlo technique, the kinetic 
energy loss range is eVKE 150  E .   
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Figures 4.1a and 4.1b display the averaged probability mass function based on 100 
simulations characterizing the discrete energy probability that beam electrons will have upon 
drifting the distance between the plates.  The initial beam energy is based on experiment.  It 
is noted that at the higher pressure, 10 Torr, the majority of the beam retains half of its initial 
energy.  Potentially, this implies that the beam electrons may have enough energy to drive a 
pinch condition.  At the lower pressure, 2 Torr, the majority (over 64%) of the beam 
electrons have lost over 90% of their initial energy implying that a plasma pinch condition 
may not be probable.   
These effects are a consequence of the initial operating points on both the collision 
cross section curve and the Paschen curve and the charge stored on the discharge electrodes.  
If one is operating on the high pressure side of the minimum breakdown point on the Paschen 
curve, an increase in pressure implies an increase in the breakdown voltage.  A large 
breakdown voltage implies a large initial discharge voltage is required to initiate 
plasma/discharge formation.  Further, the larger the voltage the larger the number of charge 
are stored on the electrodes which implies that more charge is available to the discharge upon 
release by collision (secondary electron emission) effects.   
As breakdown evolves inside the gas initiated by a number of mechanisms, electrons 
and ions are generated and the ionized gas begins to form a plasma with its special shielding 
properties.  The potential difference forms across the sheath thereby increasing the electric 
field strength.  If the electric field is high enough, some electrons will have high enough 
energy to overcome the work function of the metal becoming a free charge.  Other charges 
are released by ion collisions with the cathode plate.  The released charge gain energy in the 
relatively short distance of the sheath possibly suffering some collisions in the sheath.  
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Typically, the energy gained exceeds the energy where the collision cross section is a 
maximum.  Consequently, as pressure increases the probability that a collision will occur 
decreases allowing the high energy electron a greater probability of reaching the anode with 
substantial energy suitable for initiating and sustaining a pinch.   
In the low pressure case where the breakdown voltage decreases, the energy of the 
electron beam upon formation is lower and the collision probability increases relative to the 
high pressure case.  Within a limit, the appropriate increase in pressure leads to an increase in 
breakdown voltage which complements a decrease in the collision cross section yielding 
conditions conducive for pinching of the glow discharge.  As the pressure and hence 
breakdown voltage increases arc discharge results.  Figure 4.1a illustrates that about half of 
the electron beam population when the ambient pressure is 10 Torr has over half of its initial 
energy by the time is propagates along a straight line path between the anode and cathode.  In 
this case, a well defined pinch results.  At 2 Torr (Figure. 4.1b), nearly all of the beam energy 
has been released to the plasma medium yielding not enough energy for pinch formation.  In 
this case, the glow discharge covers the entire electrode cross section. 
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(a)     (b) 
 
(c)      (d) 
Figure 4.1a-d  The probability mass function (PMF) averaged over 100 simulations for pressures at a) 10 Torr 
(2.5 keV initial electrode discharge voltage), b) 2 Torr (750 eV initial electrode discharge voltage), c) 10 Torr in 
the 0.1 mm thick cathode sheath, and d) 10 Torr in the 0.25 mm thick cathode sheath. The electron beam energy 
in the 2 Torr case is nearly expended by the time the beam reaches the anode.  The 3 cm distance of separation 
between the electrode parallel plates is the approximate distance traversed by the beam in (a) and (b).  The 
probability distribution given by (c) and (d) represents the energy distribution of the electrons as they exit the 
cathode dark space.  Typically, the electrons suffer between 0 to 3 collisions in the dark space region with 
nearly 70% (0.1 mm dark space thickness) and 40% (0.25 mm dark space thickness) not suffering a collision.  
Visibly, the cathode dark space tends to decrease with increase in pressure.  All electron collisions with N2 
molecules are treated as inelastic collisions based on the total collision cross section for electron energies from 
0 to 100 eV and only electron-impact ionization cross section for electron energies greater that 100 eV. 
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The collision simulations are based on the assumption that the electron beam will 
accelerate fully through the sheath and enter the remainder of the plasma with an initial 
energy based on the full potential difference of the sheath.  So, the sheath properties of the 
experiment need to be discussed, in order to check the validity of this model. 
The instantaneous power supplied to the discharge is given by      tVtItP BBB  .  In 
a typical DC discharge tube, the majority of the current is carried by the electrons in the 
negative glow, Faraday dark space, positive plasma column and the anode glow and dark 
space regions.  In the cathode dark space region, the dominant current carrier is the ion 
specie.  Further, the majority of the voltage drop between the discharge electrodes falls 
across the cathode dark space.  Typically, at pressures above a Torr, the cathode dark space 
(not to be confused with the Faraday dark space) is not visibly detectable implying that the 
distance of separation between the electrode plates is at least two orders of magnitude larger 
than the distance across the cathode dark space gap.  Ion collisions in the cathode dark space 
help to contribute low energy electrons for sustaining the negative glow region.   
As ions enter the cathode sheath and gain energy in the potential drop, Vsheath, moving 
towards the cathode, collisions with neutral gas atoms result limiting the gain in ion kinetic 
energy.  Assuming a constant electric field in the sheath region and upon collision all of the 
kinetic energy of the ion is lost (worst case scenario of an elastic head-on collision with a 
stationary atom of equal mass), the energy the ions gain between collisions (e V ) and the 
number of collisions ( collN ) are respectively   isheathsheath DeVeV    and 
 isheathcoll DfloorN  .  (Note, for elastic collisions of two particles of the same mass and 
averaging over all collision angles, the initial particle will only lose one half of its original 
energy.)  The ion mean free path, i , is a function of the neutral target gas density and the 
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collision cross section of ions interacting with gas atoms.  For simplicity, an overly 
conservative ionization collision cross section of 10
-15
 cm
2
 was used.  This is about two or 
three times the cross section associated with the noble gas ion, Ar 
+
, interacting with a noble 
gas atom, Ar, at a couple of  keV.  The ionization cross section increases monotonically with 
ion energy at least for energies less than about 10 keV [34].   
The number of collisions is an integer, Ncoll, and is rounded down.  Since the mean 
free path is based on probability, a deterministic value for the ion energy at the electrode 
plate surface is not appropriate.  Consider a 2.5 kV drop across a 0.1 mm and a 0.25 mm 
cathode dark space sheath at 10 Torr and 300 
o
K (gas density of 3.22e23 m
-3
).  The ion mean 
free path is 0.031 mm.  The energy gained (and number of collisions suffered) by the ion in a 
mean free path for the 0.25 mm and 0.1 mm sheath is 310 eV (8 collisions) and 776 eV (4 
collisions) respectively.  If the ion energy imparted to the metal electrode exceeds the work 
function of the metal, there is a high probability that a secondary electron will be emitted 
from the metal surface.  The work function for an aluminum electrode is 4.08 eV.  Therefore, 
each ion has the probability of generating at least one if not more electrons upon colliding 
with the cathode electrode. 
It is noted from Figure 3.13 that as the fully charged capacitor (discharge voltage is a 
maximum) releases its charge, the rise of the discharge current abruptly increases at an early 
point in the discharge process as illustrated with the straight line curves fitted to the current 
curve data in Figure 3.13a.  By interchanging a large load resistance with a small load 
resistance in a simple circuit simulation of the experimental setup, a similar abrupt change in 
the discharge current can be generated.  This tends to suggest that during the initial time 
interval, plasma and electrode sheath formation are underway yielding a rather high 
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discharge resistance.  As the sheath formations mature, the number of charge released 
increases due to either more energetic ions being created or to the increase in the number of 
ions being attracted to the cathode further defining the sheath region.  This in turn generates 
secondary electrons that are accelerated by the sheath voltage to high enough energies to 
pinch the plasma.   
 The secondary electrons generated at the cathode electrode accelerate through the 
potential difference in the cathode sheath.  Similar to the collision cascade study through the 
plasma like medium of the discharge, a simple crude collision cascade study for the 
secondary electrons starting at rest at the cathode was examined treating all collisions as 
inelastic even though the total collision cross section was used for incident electron energies 
less than and equal to 100 eV.  The simulation was modified to include the intense electric 
field that resides in the cathode sheath after sheath formation. Typically, the electrons suffer 
between 0 to 3 collisions in the dark space region with nearly 70% (Figure 4.1c) and 40% 
(Figure 4.1d) not suffering a collision as they pass through the sheath region.  Because the 
cathode dark space region is not measurable at the higher pressure even though the negative 
glow covers a small fraction of the plates’ surface, it is anticipated that better than 70% of the 
accelerating electrons will enter the plasma-like discharge with kinetic energy equal to the 
full potential energy of the sheath.  Further, beam dynamics at the cathode sheath are more 
significant than at the anode sheath since the potential difference across the anode sheath is 
small typically with the plasma being the higher potential.  Energy and current contributions 
in the anode region are assumed small compared to that in the cathode region. 
The picture that the beam simulation paints is this: before sheath formation, the 
electric field will be low and nearly constant between the plates.  This causes the beam 
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electrons to stay low in energy and causes the collision cross section to stay very high.  
Electron beam collisions cannot be neglected in this case, and the theory cannot be applied.  
After sheath formation, the electric field in the sheath will be extremely high and a large 
majority of the electrons will suffer no collisions in this region.  This large majority will 
enter the plasma region with the full potential difference of the sheath.  At these high 
energies, the collision cross section is very low and most of the beam particles will retain a 
majority of their energy.  In this case, collisions can be neglected and the theory as developed 
can be applied without violating any assumptions.  The sheath formation time can be 
extracted from the measured current form.  Therefore, the theory can be applied at the point 
in time at which the current changes slope as shown in Figure 3.13.  As a final note, the 
simulation results of the collision cascade at low pressures were poor and so the application 
of the theory at low pressures is doubtful.  However no pinch is seen at these pressures, so 
this is not a limitation.  
   The full beam simulation code that this section uses may be found in Appendix E. 
 
4.A.iii  Expected Behavior of the Discharge From Theoretical and Experimental Arguments 
 
Initially at the start of the discharge, the potential difference between the plates is 
determined by a Paschen curve voltage dependent on gas type, gas pressure and plate 
separation.  The Paschen curve breakdown voltage has a minimum point for a particular gas 
pressure (P), plate separation product (d); (Pd)min.  When the Pd<(Pd)min, the breakdown 
voltage rises.  This is a consequence of the mean free path approaching and/or exceeding the 
distance of separation between the plates.  As a result, an avalanche threshold for the 
collision cascade is not achieved and closure does not result. 
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Once breakdown does occur, it is anticipated that the breakdown processes can be 
observed in the transient nature of the formation of the discharge.   The impedance nature of 
the discharge changes since the nature of the discharge changes.  This results in a noticeable 
change in the rate of the discharge current.  Qualitatively, the current rises slowly in the 
initial formation of the discharge and abruptly changes to a much faster rise time due to an 
increase in ion bombardment at the cathode and therefore an increase in secondary electron 
emission from the newly formed sheath.  The abrupt change in the loading effects of the 
system is seen in transient current measurements as shown in Figure 3.13.  Therefore the 
sheath formation time can be extracted by measuring the transient current.  
Initially, the generated charge cannot accelerate to high energies because the gas 
density is too high.  After the sheath forms, shielding effects will become significant and the 
voltage drop should be concentrated in this region. Because of this shielding effect, sheath 
formation allows for charges to accelerate to higher energies over shorter distances since the 
mean free paths become comparable to the sheath distance.  This allows the majority of 
electrons that are emitted at the cathode (through secondary electron emission) to accelerate 
through the entire potential change without suffering collision.  The small length of the 
sheath cannot be observed with the naked eye.  The cathode sheath lies between the cathode 
electrode and the negative glow region. Typically, the negative glow region for glow 
discharges at high pressure (1-20 Torr) is a very bright, relatively large diameter, thin disk 
located almost on the cathode electrode.   
Experimentally, the discharge voltage retains its high transient value in the regime of 
the steep current rate.  This suggests that the electrons injected into the plasma region do 
have a large initial energy nearly equal to that of the plasma discharge voltage measured 
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across the plate electrodes since the typical DC glow architecture is nearly quasineutral in the 
positive plasma column, negative glow region, and the Faraday dark space region.  The high 
energy (secondary) electrons injected in the glow have a lower probability of suffering 
collisions as they drift in the plasma column.  A percentage will be lost to the plasma 
medium to sustain the plasma.  The remainder of the continuously replenished beam will 
repel the background electrons until the nearly stationary ions begin to form the electron 
channel.  The self magnetic field will aid in the focusing process.  As the discharge potential 
drops,  this in turn results in a shift in the forth coming secondary electron beam energy.  The 
probability of ionization collision becomes greater and eventually the discharge is 
extinguished until the discharge electrode potential builds up to the Paschen voltage or some 
breakdown voltage that may be lower since the discharge may have some residual charge 
present.   
Interestingly, as seen in Figure 3.13, the discharge voltage changes sign.  By 
replacing the discharge resistance by a series combination of resistance and inductance, one 
can obtain a similar voltage-current time profile.  This suggests that the built up energy in the 
inductance of the discharge seems to be strong enough to try to maintain a constant discharge 
current (prevent the discharge current from decreasing) temporarily through Faraday effects 
until the discharge current is depleted and the discharge is extinguished.  The extinguished 
nature of the discharge can be modeled as a switch yielding circuit simulations that 
quantitatively and qualitatively agree with the discharge plots in Figure 4a.  Note that the 
current does not appear to change sign.  As illustrated in Figure 4b, once the discharge is 
extinguished, the external source slowly charges the external capacitor bank in parallel with 
the discharge electrodes.  The duty cycle factor is very low.   
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Finally, It is noted that the radius of the pinched plasma discharge is smaller (even as 
much as an order of magnitude) compared to the radius of the negative discharge glow.   
Further, the glow is not an arc discharge.  Moreover, the glow tends to establish its formation 
away from the edges of the plate electrodes where electric field enhancement tends to exist.   
If the duty factor of the pulsing network is not too low, a sequence of pulse discharges will 
form in nearly the same location as the previous discharge.  The persistent nature of the 
discharge will on occasion remain stabilized in a localized region or the discharge will creep 
along the plate surface.  The discharge geometry tends to exhibit a cylindrical to conical 
shape.  The later shape tends to have a smaller diameter near the center of the discharge.  
Drifting or creep tends to occur more often when the plates have just been polished. 
 
4.B Suggestions on Future Work  
 
  This thesis lays the groundwork for future experiments as well as theoretical 
additions. The initial studies here will allow future work to be performed.   It will also allow 
the theory to be tested in new experimental ways, further supporting the theory, or possibly 
finding flaws within it.  
 An important addition to this work would be relating the experimental measurements 
to a normalized beam density.  This would allow the experiment to be plotted onto the 
parameter space (Figure 2.3).  In turn, the condition for pinch would be observed as a 
function of time.  This would determine if the pinch condition is met and for how long.   
On the experimental side, the macroscopic plasma parameters should be measured 
and compared to the theory.  The plasma density is a function of both space and time; 
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therefore, a plasma diagnostic tool that has both time and spatial resolution is needed for this 
future study.  One possibility is to direct electromagnetic energy through the beam 
perpendicular to the axis of the discharge and through location. The energy would then be 
measured as a function of time.  This method may incorporate plasma reflection or 
absorption principles.  It may incorporate other interesting plasma/wave principles such as 
variations of index of refraction.  The time resolution of the measured density would allow 
the expulsion of thermal electrons to be observed.  Various stages of the discharge, such as 
sheath set up time, pinch time, and beam breakup time could be examined. It would also 
allow conventional and unconventional ways to incorporate diffusion and pressure effects to 
be incorporated into the theory.  Until now, these effects have been neglected. 
 One future experiment that would be illuminating is a moderate electron beam 
propagation study.  Electron beams at various initial energies could be fired into a vacuum 
chamber at various pressures.  This way, the beam propagation simulations discussed above 
could be studied experimentally.  This would be especially useful to observe the effect of 
momentum changes due to collisions. Currently, this effect is neglected in the electron beam 
collision simulation and each collision is treated as totally forward scattering.   To minimize 
space charge effects, pre-ionizing the neutral particles or using a very small current electron 
beam may need to be implemented.  This beam propagation study would also underline the 
applicability of this theory to any moderately energetic beam.   
 Finally, product development can be explored at this point in time. This could include 
electromagnetic shielding products.  Another possibility is in the high voltage electric 
switching industry.  The discharge appears to have diode- like properties, where current only 
flows after reaching a threshold voltage.  Also, reverse currents have never been observed 
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(beyond a fraction of peak current), which is another diode-like effect.  Other products could 
also be developed as more work on this subject illuminates other interesting effects.  
 
4.C  Conclusion 
  
Theory and experiment were constructed about a unique, stable, center seeking 
plasma pinch based upon electron beam channeling, charge neutralization, and self-magnetic 
mechanisms.  A parameter space dependent on the electron beam and plasma characteristics 
was obtained that indentifies the conditions that lead to pinch 
Theoretical assumptions were justified. Also, using transient discharge 
measurements, the sheath and pinch stages of the discharge have been argued. Theoretical 
and experimental extensions to the performed research have been identified. 
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APPENDIX A 
 
Relativistic Constraints 
  
A classical formulation was presented.  A brief discussion is presented on the upper 
limits of classical theory in line with special relativity.   In particular conditions on the 
normalized voltage and velocity are sought. 
The total energy E expanded in terms of its rest energy Eo , its relativistic kinetic 
energy KER and the classical kinetic energy KEc is 
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For classical theory to be valid, 32 /oc EKE .  Therefore, 302 ocoR EKEEKE  was 
chosen as the demarcation value between classical and relativistic theory.  Using Eq. (A1), 
the noting that the relativistic factor    2121  cv , the ratio of the beam speed to the 
speed of light is 3/1~  bvcv  ( 0611. ).  The normalized velocity (speed) must be less 
than this value in order for classical theory to be valid.  Further, based on the normalization 
scheme presented in Section II, the normalized beam voltage is directly related to the 
normalized beam velocity as 250 bvV
~.
~
 .  Therefore the range on the normalized voltage 
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were classical theory is valid is 181
~
0 V .
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APPENDIX B 
 
Image Processing Code 
  
The input parameters for the code are test name, number of frames, plate diameter, 
plate separation and number of vertical analysis lines. The image processing code block 
diagram is shown below in Figure B.1.  
The code imports the equilibrium glow frame (or frames) as well as a frame that 
shows the parallel plates in good light. The user is then prompted to perform a plate 
alignment. Using the cursor, the user identifies key points on the cathode and the anode. 
Using this information the code can then locate the region of space between the cathode and 
anode. It also uses know distances inputted in the parameter section to calculate scaling 
factors to convert between pixel number and actual distances.   
 The code then scans the frame along a specified number of vertical lines. It creates 
light intensity versus radius vectors based on the center of the plates.  Using these intensity 
vectors, the position and value of the peak intensity, half maximums, and 10% points are 
calculated for each vertical line.  Using linear regression, 5 ‘horizontal’ lines are drawn. One 
through the peak intensity points, two through the half maximum points and two through the 
10% value points. The code then scans through these lines and creates 5 ‘horizontal’ light 
intensity vectors.  As a note these horizontal lines usually have a nonzero slope and so are not 
truly horizontal. 
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 Finally, each light intensity vector is plotted and saved as well as a plot showing 
FWHM versus distance from the cathode and a figure showing the vertical and horizontal 
line placement used in the analysis.  In Figure B.2 through Figure B.5 shows an example of 
the output plots of the program for the experimental conditions listed in Table B.1. 
 
 
Figure B.1 Flow chart for image processing code. 
 
Import Parameters 
Import Glow and Plate Alignment Frames 
User Prompt: Perform Plate 
Alignment 
Calculate Pixel VS Actual Length 
Scales 
Calculate Vertical Line 
Placement 
Create Intensity Vectors for 
Each Vertical Line 
Analyze each Vector to Find Values and 
Positions for Peak Intensity, Half 
Maximum, and 10% Value 
Linear Regression Used to Find 
Equation of 5 ‘Horizontal’ Lines 
Create Intensity Vectors for 
5 ‘Horizontal’ Lines 
Plot and Save All Results 
Additional 
Frames? 
END 
NO 
YES 
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Table B.1 Conditions of the glow discharge used in this example. 
Ballast Resistance 377 Ω 
Pressure 14.5 Torr 
Capacitance 165 pF 
Voltage Supply 4.5 kV 
Peak Current 1427 mA 
Pulse Width 1.5µs 
Time Between Pulses 2 ms 
 
 
 
 
Figure B.2  Example frame of equilibrium pinch. 
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Figure B.3  Example frame used for plate alignment. 
 
 
Figure B.4  Plot showing line placement used for analysis (zoomed in and labels placed for this paper). 
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(a)     (b) 
 
(c)     (d) 
 
(e)     (f) 
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(g)     (h) 
 
(i)     (j) 
 
(k)     (l) 
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(m)     (n) 
 
(o)     (p) 
 
(q)     (r) 
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(s)     (t) 
 
(u)     (v) 
 
(w)     (x) 
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(y)     (z) 
 
(aa)     (bb) 
Figure B.5  Full example of the image processing code output plots. The top plots (a)-(v) are intensity plots 
along the vertical lines. Plots (w)-(aa) are the intensity plots along the horizontal lines. Finally, the pinch 
diameter FWHM is plotted as a function of z in plot (bb). Maximum diameter near z = 0 is due to the negative 
glow region, which is larger in dimension than the pinched positive column.   
 
MATLAB CODE: 
clear all;close all;clc; 
%%Description 
%Image Processing Code 
%Cathode must be on the RIGHT side, anode on the LEFT 
%must have all frames begin with a test title ie: test4 followed by 
_frame# 
%for example test4_1 
%one frame is for plate alignment and MUST be labeled testname_plates ie: 
%test4_plates.bmp 
% 
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%% PARAMETERS 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%User-Parameters 
  
testname = '8Torr'; 
% String; This is the name you have given to the picture frames that are 
to be analyzed, and it 
% will be placed on every saved plot 
  
imageformat = 'bmp'; 
% String: the format of the saved images that will be analyzed 
  
frames = 1;  
%The number of frames saved within this test (usually one)(not including 
plate 
% alignment frame) 
  
plate_distance = 1.5;  
% Distance between plates in inches 
  
plate_diameter = 4; 
%Diameter of plates in inchesinches 
  
vline_num = 20;  
% The number of verticle lines analyzed in the pinch column 
%(not including cathod and anode lines) 
  
   
%Maximize Pictures Parameters for plot saving, use these  
% parameters to change the size of the pictures/plots that 
% are being saved 
  
leftstart = 10; 
bottomstart = 50; 
fullscreen = get(0,'ScreenSize'); 
fullscreen(3) = fullscreen(3) - leftstart.*2; 
fullscreen(4) = fullscreen(4) - bottomstart.*2.8; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
  
  
%Plate alignment parameters 
  
%load plate frame 
  
temp = strcat(testname,'_plates.',imageformat); 
frame_plates = imread(temp); 
pic_dem = size(frame_plates); 
xdem = pic_dem(2); 
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ydem = pic_dem(1); 
image(frame_plates); 
hold on 
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%User selects cathode and anode dimensions 
  
title('click the VERY CENTER of the cathode','Color','r','FontSize',20); 
cat_center = floor(ginput(1)); 
title('click the LEFT SIDE CENTER of the 
cathode','Color','y','FontSize',20); 
cat_left = floor(ginput(1)); 
title('click the RIGHT SIDE CENTER of the 
cathode','Color','b','FontSize',20); 
cat_right = floor(ginput(1)); 
title('click the TOP of the cathode','Color','g','FontSize',20); 
cat_top = floor(ginput(1)); 
title('click the BOTTOM of the cathode','Color','k','FontSize',20); 
cat_bottom = floor(ginput(1)); 
  
  
  
title('click the VERY CENTER of the anode','Color','r','FontSize',20); 
an_center = floor(ginput(1)); 
title('click the LEFT SIDE CENTER of the 
anode','Color','y','FontSize',20); 
an_left = floor(ginput(1)); 
title('click the RIGHT SIDE CENTER of the 
anode','Color','b','FontSize',20); 
an_right = floor(ginput(1)); 
title('click the TOP of the anode','Color','g','FontSize',20); 
an_top = floor(ginput(1)); 
title('click the BOTTOM of the anode','Color','k','FontSize',20); 
an_bottom = floor(ginput(1)); 
title('Thank You :)'); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Load the first frame and prompt the user to define the location 
%of the pinched glow. Necessary because the glow could be 
%anywhere on the plates.  Also defines what is a plate glow, and  
%what is the actual pinched column 
  
temp = strcat(testname,'_1.',imageformat); 
frame_plates = imread(temp); 
image(frame_plates); 
hold on 
title('click the VERY CENTER of the cathode 
glow','Color','r','FontSize',20); 
temp = floor(ginput(1)); 
cat_center(1) = temp(1); 
title('click the Left SIDE of the cathode 
glow','Color','b','FontSize',20); 
temp = floor(ginput(1)); 
cat_left(1) = temp(1); 
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title('click the VERY CENTER of the anode 
glow','Color','r','FontSize',20); 
temp = floor(ginput(1)); 
an_center(1) = temp(1); 
title('click the Right SIDE of the anode glow','Color','y','FontSize',20); 
temp = floor(ginput(1)); 
an_right(1) = temp(1); 
title('Thank You :)'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%calculate pixel dimensions 
  
 pixel_distance = cat_left(1)-an_right(1); %inside edge of anode to inside 
edge of cathod 
%inside edge of anode to inside edge of cathode 
  
pixel_diameter = cat_bottom(2)-cat_top(2); %diameter of cathode 
%diameter of cathode in pixels 
  
pixel_seperation = pixel_distance./(vline_num-1); %space btwn vert lines 
%space btwn vertical analysis lines calculated from the total 
%number of lines vline_num 
  
pixel_hscale = pixel_distance./plate_distance; %hor. scale factor (pix/in) 
%horizontal scale factor gives a ratio of pixels to inches 
  
pixel_vscale = pixel_diameter./plate_diameter;  %vert.scale factor 
(pix/in) 
%verticle scale factor gives a ratio of pixels to inches 
  
%calculate verticle analysis line positions in pixels%%%%%% 
  
  
vline_position = zeros(1,vline_num); 
vline_position(1) = cat_left(1); %begin on the inside plate 
for lnm = 2:(vline_num-1) 
    vline_position(lnm) = floor(cat_left(1)-(pixel_seperation.*(lnm-1))); 
end 
vline_position(vline_num) = an_right(1); 
  
%calculate vertical analysis line distances in actual distance  
%from cathode 
  
vline_distance = zeros(1,vline_num); 
for lnm = 1:(vline_num) 
    vline_distance(lnm) = -(vline_position(lnm)-
vline_position(1))./pixel_hscale; 
end 
  
  
%% Loop Through and analyze all frames 
  
for fn = 1:frames 
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    %LOAD Frame 
    temp = num2str(fn); 
    tempa = strcat(testname,'_',temp,'.',imageformat); 
    frame1=imread(tempa); % read the image 
     
   %% Vertical Lines Analysis 
     
    %create intensity vectors for Cathode Line and Anode line 
     
    cat_intensity = 
(double(frame1(:,cat_center(1),1))+double(frame1(:,cat_center(1),2))+doubl
e(frame1(:,cat_center(1),3))); 
    an_intensity = 
(double(frame1(:,an_center(1),1))+double(frame1(:,an_center(1),2))+double(
frame1(:,an_center(1),3))); 
  
  
    % create intensity vectors for verticle lines inside 
    % pinch column 
    vline_intensity= zeros(ydem,vline_num); 
    for lnm = 1:vline_num 
        vline_intensity(:,lnm) = 
(double(frame1(:,vline_position(lnm),1))+double(frame1(:,vline_position(ln
m),2))+double(frame1(:,vline_position(lnm),3))); 
    end 
     
     
     
    %relate pixel number to radius 
     
    temp = 1:ydem; 
    radius = (temp-cat_center(2))./pixel_vscale; 
        
    %% Plot verticle lines 
     
    %Plot Cathode Line Intensity Plot 
    figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
    plot(radius,cat_intensity,'k*-', 'MarkerEdgeColor','k') 
    title('Cathode Glow') 
    xlabel('Radius from center of cathode(inches), negative denotes upper 
half'); 
    ylabel('relative intensity of light (765 is saturation)') 
    grid 
    %saving 
    temp = num2str(fn); 
    se_save=strcat(testname,'_',temp,'_CathodeGlow.jpg'); 
    saveas(gcf,se_save,'jpg'); 
     
     
    %Plot Anode Line Intensity Plot 
    figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
    plot(radius,an_intensity, 'k*-', 'MarkerEdgeColor','k') 
    title('Anode Glow') 
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    xlabel('Radius from center of cathode(inches), negative denotes upper 
half'); 
    ylabel('relative intensity of light (765 is saturation)') 
    grid 
    %saving 
    temp = num2str(fn); 
    se_save=strcat(testname,'_',temp,'_AnodeGlow.jpg'); 
    saveas(gcf,se_save,'jpg'); 
     
     %Plot vertical lines btwn plates 
       
     for lnm = 1:vline_num 
         figure('Position',[leftstart bottomstart fullscreen(3) 
fullscreen(4)]) 
         plot(radius,vline_intensity(:,lnm), 'k*-'); 
         temp = num2str(vline_distance(lnm)); 
         ptitle = strcat('distance from cathode z = ',temp, ' inches'); 
         title(ptitle); 
         xlabel('Radius from center of cathode(inches), negative denotes 
upper half'); 
         ylabel('relative intensity of light (765 is saturation)') 
         grid 
         %saving 
         tempa = num2str(fn); 
         se_save=strcat(testname,'_',tempa,'_z=',temp,'.jpg'); 
         saveas(gcf,se_save,'jpg'); 
          
     end 
          
     %% Horizontal Lines Analysis     
     
     %Find the peak, 50% and 90% points on every vertical line 
      
     peak_val = zeros(1,vline_num); 
     top_10_val = zeros(1,vline_num);   %top means lower pixel # 
     top_50_val = zeros(1,vline_num); 
     bottom_10_val = zeros(1,vline_num); %bottom means higher pixel # 
     bottom_50_val = zeros(1,vline_num); 
      
     peak_loc = zeros(1,vline_num); 
     top_10_loc = zeros(1,vline_num);   %top means lower pixel # 
     top_50_loc = zeros(1,vline_num); 
     bottom_10_loc = zeros(1,vline_num); %bottom means higher pixel # 
     bottom_50_loc = zeros(1,vline_num); 
      
     %values 
     for lnm = 1:vline_num 
          peak_val(lnm) = max(vline_intensity(:,lnm)); 
          top_10_val(lnm) = 0.1.*max(vline_intensity(:,lnm));  
          top_50_val(lnm) = 0.5.*max(vline_intensity(:,lnm)); 
          bottom_10_val(lnm) = 0.1*max(vline_intensity(:,lnm));  
          bottom_50_val(lnm) = 0.5.*max(vline_intensity(:,lnm)); 
     end 
      
     %Locations      
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     for lnm = 1:vline_num 
            
       %peak: add up location of all max values and average pixels 
         total = 0; 
         count = 0; 
         for pn = 1:ydem 
             if vline_intensity(pn,lnm) == peak_val(lnm) 
                 total = total + pn; 
                 count= count +1; 
             end 
         end 
         peak_loc(lnm) = floor(total./count);          
       
          
      %bottom 50%  start from peak and lower pix count until more than 
      % 3 pixels have lower than 50% peak         
          count = 0; 
          for pn = peak_loc(lnm):ydem 
              if vline_intensity(pn,lnm) <= bottom_50_val(lnm) 
                  count = count +1; 
              end 
              if count >= 3 
                  bottom_50_loc(lnm) = pn - 2; 
                  break 
              end 
          end 
      %bottom 10% similar to bottom 50% 
          count = 0; 
          for pn = peak_loc(lnm):ydem 
              if vline_intensity(pn,lnm) <= bottom_10_val(lnm) 
                  count = count +1; 
              end 
              if count >= 3 
                  bottom_10_loc(lnm) = pn - 2; 
                  break 
              end 
          end 
      %Top 50% similar except pixels are subtracted from peak 
          count = 0; 
          for pn = peak_loc(lnm):-1:1 
              if vline_intensity(pn,lnm) <= top_50_val(lnm) 
                  count = count +1; 
              end 
              if count >= 3 
                  top_50_loc(lnm) = pn - 2; 
                  break 
              end 
          end 
       %Top 10%   
          count = 0; 
          for pn = peak_loc(lnm):-1:1 
              if vline_intensity(pn,lnm) <= top_10_val(lnm) 
                  count = count +1; 
              end 
              if count >= 3 
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                  top_10_loc(lnm) = pn - 2; 
                  break 
              end 
          end 
           
     end 
      
    %Create 5 horizontal lines 
    
     %fitting lines to pixel points 
    
    temp = polyfit(vline_position, top_10_loc,1); 
    mtop10=temp(1); 
    btop10=temp(2); 
    temp = polyfit(vline_position, top_50_loc,1); 
    mtop50=temp(1); 
    btop50=temp(2); 
    temp = polyfit(vline_position, bottom_10_loc,1); 
    mbottom10=temp(1); 
    bbottom10=temp(2); 
    temp = polyfit(vline_position, bottom_50_loc,1); 
    mbottom50=temp(1); 
    bbottom50=temp(2); 
    temp = polyfit(vline_position, peak_loc,1); 
    mpeak=temp(1); 
    bpeak=temp(2); 
    
    %Create lines 
    
    x = an_center(1):cat_center(1); 
   
    yb10 = floor(mbottom10.*x + bbottom10); 
    yb50 = floor(mbottom50.*x + bbottom50); 
    yt10 = floor(mtop10.*x + btop10); 
    yt50 = floor(mtop50.*x + btop50); 
    ypeak = floor(mpeak.*x + bpeak); 
    
    %Create horizontal intensity plots 
    bottom10_intensity = zeros(1,length(x)); 
    bottom50_intensity = zeros(1,length(x)); 
    top10_intensity = zeros(1,length(x)); 
    top50_intensity = zeros(1,length(x)); 
    peak_intensity = zeros(1,length(x)); 
     
    for pn = 1:length(x) 
    bottom10_intensity(pn) = 
(double(frame1(yb10(pn),x(pn),1))+double(frame1(yb10(pn),x(pn),2))+double(
frame1(yb10(pn),x(pn),3))); 
    bottom50_intensity(pn) = 
(double(frame1(yb50(pn),x(pn),1))+double(frame1(yb50(pn),x(pn),2))+double(
frame1(yb50(pn),x(pn),3))); 
    top10_intensity(pn) = 
(double(frame1(yt10(pn),x(pn),1))+double(frame1(yt10(pn),x(pn),2))+double(
frame1(yt10(pn),x(pn),3))); 
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    top50_intensity(pn) = 
(double(frame1(yt50(pn),x(pn),1))+double(frame1(yt50(pn),x(pn),2))+double(
frame1(yt50(pn),x(pn),3))); 
    peak_intensity(pn) = 
(double(frame1(ypeak(pn),x(pn),1))+double(frame1(ypeak(pn),x(pn),2))+doubl
e(frame1(ypeak(pn),x(pn),3))); 
    end 
     
     
    %% Plot horizontal Lines 
    
     x= (cat_left(1)-x)./pixel_hscale; 
    %bottom 10 plot and save 
    figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
    plot(x,bottom10_intensity, 'k*-', 'MarkerEdgeColor','k') 
    title('lower 10% intensity line') 
    xlabel('distance from cathode(inches)') 
    ylabel('relative light intensity (saturation intensity = 765)') 
    grid 
    temp = num2str(fn); 
    se_save=strcat(testname,'_',temp,'Lower10.jpg'); 
    saveas(gcf,se_save,'jpg') 
    %bottom 50 plot and save 
    figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
    plot(x,bottom50_intensity, 'k*-', 'MarkerEdgeColor','k') 
    title('lower half maximum intensity line') 
    xlabel('distance from cathode(inches)') 
    ylabel('relative light intensity (saturation intensity = 765)') 
    grid 
    temp = num2str(fn); 
    se_save=strcat(testname,'_',temp,'LowerHalfMax.jpg'); 
    saveas(gcf,se_save,'jpg') 
    %upper 10 plot and save 
    figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
    plot(x,top10_intensity, 'k*-', 'MarkerEdgeColor','k') 
    title('upper 10% intensity line') 
    xlabel('distance from cathode(inches)') 
    ylabel('relative light intensity (saturation intensity = 765)') 
    grid 
    temp = num2str(fn); 
    se_save=strcat(testname,'_',temp,'Upper10.jpg'); 
    saveas(gcf,se_save,'jpg') 
    %upper half max plot and save 
    figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
    plot(x,top50_intensity, 'k*-', 'MarkerEdgeColor','k') 
    title('upper half maximum intensity line') 
    xlabel('distance from cathode(inches)') 
    ylabel('relative light intensity (saturation intensity = 765)') 
    grid 
    temp = num2str(fn); 
    se_save=strcat(testname,'_',temp,'UpperHalfMax.jpg'); 
    saveas(gcf,se_save,'jpg') 
    %peak intensity plot and save 
    figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
    plot(x,peak_intensity, 'k*-', 'MarkerEdgeColor','k') 
    title('peak intensity line') 
  122 
    xlabel('distance from cathode(inches)') 
    ylabel('relative light intensity (saturation intensity = 765)') 
    grid 
    temp = num2str(fn); 
    se_save=strcat(testname,'_',temp,'PeakIntensity.jpg'); 
    saveas(gcf,se_save,'jpg') 
     
       
    
    
   %% PLOTTING ALL LINES ONTO ORIGINAL FRAME 
   figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
   image(frame1) 
   hold on 
    
   %Horizontal Lines 
   x = an_center(1):cat_center(1); 
    
   plot(x,yb10,'--y','LineWidth',2)  
   plot(x,yb50,'--y','LineWidth',2)  
   plot(x,yt10,'--y','LineWidth',2)  
   plot(x,yt50,'--y','LineWidth',2)  
   plot(x,ypeak,'--y','LineWidth',2)  
    
  %Vertical lines 
   x = [cat_center(1),cat_center(1)]; 
   y = [0,ydem]; 
   plot(x,y,'--y','LineWidth',2) 
   x = [an_center(1),an_center(1)]; 
   plot(x,y,'--y','LineWidth',2) 
    
   for lnm = 1:vline_num 
       x = [vline_position(lnm),vline_position(lnm)]; 
       plot(x,y,'--y','Linewidth',2) 
   end 
   temp = num2str(fn); 
   se_save=strcat(testname,'_',temp,'LinePlacement.bmp'); 
   saveas(gcf,se_save,'bmp') 
    
   %% Plot half width maximum 
   figure('Position',[leftstart bottomstart fullscreen(3) fullscreen(4)]) 
   HWM = (bottom_50_loc - top_50_loc)./pixel_vscale; 
   plot(vline_distance,HWM); 
   title('Half Maximum Width vs distance from cathode') 
   xlabel('distance from cathode(inches)') 
   ylabel('diameter of plasma collumn'); 
   temp = num2str(fn); 
   se_save=strcat(testname,'_',temp,'PinchDiameter.jpg'); 
   saveas(gcf,se_save,'jpg') 
      
   close all 
    
end 
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APPENDIX C 
 
Discussions on the Observed Glow Regions 
 
 
Figure C.1 [1] illustrates the various regions of a glow discharge by shading the relative light intensities of each 
region. 
  
In order to understand the pinched glow discharge more fully, experiments were 
performed to label each part of the glow. In most experimental trials, there are two bright 
regions and one dark region.  Figure C.2 is an example of one trial.  
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Figure C.2  Identification of the various regions seen in these experiments. 8 Torr, Co=300pF, Rb=510Ω. 
  
The three regions visible in this trial have been identified as the negative glow, the 
faraday dark space, and the positive column.  Experiments and observations were performed 
to verify these identifications. 
 Negative Glow 
The glow region on the far left (cathode side) hugs the cathode very closely in most 
trials. To show this, trials were run in DC mode at pressures around 5 Torr and currents 
around 20-30 mA.  Under these conditions, the only glowing region present is the glow 
region on the cathode. Since the negative glow is necessary for sustaining the glow, this 
remaining region was labeled the negative glow by necessity. 
Next, trials were run in DC mode at pressures less than 1Torr and currents around 
10mA.  Under these conditions the solo glow region separates from the cathode and another 
dark region is exposed.  This further support the argument that the glowing region is indeed 
the negative glow since in literature there is a dark region between the negative glow and the 
  125 
cathode called the cathode dark space (see Figure C.1).  As the tube pressure is increased in 
the experiment the negative glow and cathode dark space become increasingly thin until the 
dark space is no longer visible to the naked eye.  This occurs around 2-3 Torr. According to 
literature, the negative glow and cathode dark space do decrease in length as pressure is 
increased [62]. Thus, it is fairly conclusive that the glowing region that closely hugs the 
cathode in the experimental trials is the negative glow discussed in literature.  In many 
experimental trials, the cathode dark space is not visible. According to literature it is still 
present in the system, but it is too thin to see with the naked eye.  
Positive Column 
The glowing region on the right of Figure C.2 was determined to be the positive glow 
after a few tests were performed.  First trials were run in pulsed mode so that moderate 
currents could be obtained without arcing. At pressures around 5 Torr moderate currents 
around 50mA were applied.  At these conditions, the only region visible is the negative glow 
hugging the cathode. As current is increased up above 1A peak, a glowing region protruding 
from the anode becomes visible and increases in intensity and length.  According to 
literature, the positive column is not necessary for sustaining the glow and so it can increase 
in length or disappear altogether.  Thus the glowing region on the right of Figure C.2 is 
labeled the positive column.  
Faraday Dark Space 
The only region left to identify is the dark region between the negative glow and the 
positive column.  According to Figure C.1 this region is called the faraday dark space. 
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APPENDIX D 
Pinch Radius Studies: Full Data Table 
 
Below in Table D.1 is a list of the experimental data that was used in Section 3.C. 
The first column is the pressure of the discharge tube in Torr. The second column is the 
ballast resistance. Column three is the capacitor bank capacitance. The fourth column (Vb) 
corresponds to the maximum voltage read on the oscilloscope. This is also the voltage at the 
first sign of electrical discharge. The fifth column (Vneg) is the negative voltage that the 
discharge tube swings to after discharge.  The sixth column is the peak current of the 
discharge.  The pulse width, in column seven, is the approximate pulse width, estimated by 
visually estimating the start and stop time of the current pulse on the oscilloscope.  In column 
eight, pulse rate is found by visually estimating the time between consecutive discharges and 
inverting. For column nine, the image processing results are observed, and the pinch diameter 
at the very midpoint of the discharge (midpoint between cathode and anode) is recorded.  
Lastly, column ten, the peak digital intensity is found by observing the peak intensity plot 
and recording the peak digital value along the discharge (neglecting the negative column and 
anode glow). 
 
Table D.1  List of the experimental data used in Section 3.C 
Pressure 
(Torr) 
Rb 
 (Ω) 
Co 
(pF) 
Vb 
(V) 
Vneg (V) Io 
(mA) 
Pulse 
Width 
(us) 
Pulse 
 Rate 
(Hz) 
Midpoint 
Diameter 
FWHM 
(inches) 
Peak 
Intensity 
(digital) 
2.05 510 165 750 -250 182.65 1.5 1000 2.9 50 
2.1 377 165 750 -250 222.6 1.5 1000 2.8 60 
3.06 377 165 1000 -400 319.63 1.5 1000 1.6 110 
3.15 510 165 1000 -400 256.85 1.5 1000 1.35 100 
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4 510 165 1200 -500 313.93 1.5 909.091 0.8 130 
4 377 165 1200 -500 399.54 1.5 909.091 0.86 130 
4.5 377 165 1250 -600 456.62 1.5 666.667 0.75 160 
4.5 510 165 1250 -600 342.47 1.5 666.667 0.75 155 
5 510 165 1500 -750 399.54 1.5 555.556 NR  NR 
5 377 165 1500 -750 527.97 1.5 555.556 NR NR 
5.5 377 165 1700 -800 599.32 1.5 454.545 0.5 225 
5.5 510 165 1700 -800 456.62 1.5 454.545 0.53 225 
5.75 510 165 1700 -800 485.16 1.5 400 0.48 210 
5.75 377 165 1700 -800 627.85 1.5 400 0.52 250 
6 377 165 1800 -1000 713.47 1.5 312.5 0.5 225 
6 510 165 1800 -1000 542.24 1.5 333.333 0.46 200 
6.35 510 165 2000 -1000 570.78 1.5 500 0.39 375 
6.35 377 165 2000 -1000 799.09 1.5 500 0.42 400 
7 377 165 2100 -1250 856.16 1.5 454.545 0.41 375 
7 510 165 2100 -1250 627.85 1.5 454.545 0.4 350 
8 510 165 2250 -1250 684.93 1.5 333.333 0.38 360 
8 377 165 2250 -1250 913.24 1.5 333.333 0.38 400 
9 377 165 2400 -1500 998.86 1.5 500 0.3 525 
9 510 165 2400 -1500 742.01 1.5 500 0.3 500 
10 510 165 2500 -1500 799.09 1.5 454.545 0.28 500 
10 377 165 2500 -1500 1141.6 1.5 454.545 0.29 540 
14.5 377 165 3000 -1800 1426.9 1.5 500 0.22 700 
14.5 510 165 3000 -1800 998.86 1.5 500 0.22 700 
20.2 510 165 3500 -2200 1284.2 1.5 333.333 0.17 675 
20.2 377 165 3500 -2200 1855 1.5 333.333 0.17 700 
2 247 165 800 -300 199.77 1.5 333.333 3 35 
2.1 166 165 800 -300 256.85 1.5 333.333 3.5 30 
3.05 166 165 1000 -500 353.88 1.5 333.333 2.2 40 
3.1 247 165 1000 -500 291.1 1.5 333.333 1.8 50 
4 247 165 1200 -600 371 1.5 333.333 1.5 50 
4 166 165 1200 -600 445.21 1.5 333.333 1.1 60 
4.5 166 165 1250 -700 502.28 1.5 333.333 1.1 90 
4.5 247 165 1250 -700 428.08 1.5 333.333 1.1 80 
5 247 165 1400 -800 485.16 1.5 333.333 0.9 100 
5 166 165 1400 -800 570.78 1.5 333.333 0.7 100 
5.5 166 165 1600 -1000 684.93 1.5 333.333 0.7 160 
5.5 247 165 1600 -1000 570.78 1.5 333.333 0.7 150 
5.77 247 165 1700 -1000 627.85 1.5 333.333 0.5 175 
5.78 166 165 1700 -1000 730.59 1.5 333.333 0.5 160 
6 166 165 1800 -1100 799.09 1.5 333.333 0.53 220 
6 247 165 1800 -1100 684.93 1.5 333.333 0.55 220 
6.38 247 165 2000 -1200 742.01 1.5 333.333 0.5 220 
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6.4 166 165 2000 -1200 856.16 1.5 333.333 0.5 240 
7.05 166 165 2100 -1300 970.32 1.5 333.333 0.43 320 
7.05 247 165 2100 -1300 799.09 1.5 333.333 0.43 300 
8.2 247 165 2300 -1400 856.16 1.5 333.333 0.36 380 
8.2 166 165 2300 -1400 998.86 1.5 333.333 0.37 440 
9 166 165 2400 -1500 1084.5 1.5 333.333 0.35 450 
9 247 165 2400 -1500 913.24 1.5 333.333 0.35 430 
10 247 165 2500 -1500 998.86 1.5 333.333 0.3 500 
10 166 165 2500 -1500 1198.6 1.5 333.333 0.3 500 
12 166 165 2750 -1800 1369.9 1.5 333.333 0.26 550 
12 247 165 2750 -1800 1141.6 1.5 333.333 0.25 525 
15 247 165 3000 -2000 1369.9 1.5 333.333 0.23 580 
15 166 165 3000 -2000 1541.1 1.5 333.333 0.23 600 
16.8 166 165 3200 -2200 1826.5 1.5 333.333 0.19 690 
16.8 247 165 3200 -2200 1426.9 1.5 333.333 0.19 680 
4.02 998 165 1200 -450 228.31 2 333.333 1.2 40 
4.02 670 165 1200 -450 313.93 2 333.333 1.1 45 
4.5 670 165 1300 -600 371 2 333.333 1.45 60 
4.5 998 165 1300 -600 279.68 2 333.333 1 55 
5 998 165 1500 -600 296.8 2 333.333 1 80 
5 670 165 1500 -600 485.16 2 333.333 0.7 100 
5.5 670 165 1600 -750 313.93 2 333.333 0.63 120 
5.5 998 165 1600 -750 342.47 2 333.333 0.75 110 
6 998 165 1800 -800 399.54 2 333.333 0.65 160 
6 670 165 1800 -800 542.24 2 333.333 0.5 180 
6.55 670 165 2000 -1000 599.32 2 333.333 0.47 200 
6.55 998 165 2000 -1000 399.54 2 333.333 0.44 200 
7.05 998 165 2100 -1000 456.62 2 333.333 0.47 240 
7.05 670 165 2100 -1000 627.85 2 333.333 0.45 250 
7.55 670 165 2200 -1100 656.39 2 333.333 0.47 275 
7.55 998 165 2200 -1100 456.62 2 333.333 0.47 250 
8.1 998 165 2250 -1100 456.62 2 333.333 0.38 290 
8.1 670 165 2250 -1100 684.93 2 333.333 0.42 280 
9 670 165 2400 -1250 713.47 2 333.333 0.36 340 
9 998 165 2400 -1250 485.16 2 333.333 0.37 325 
10 998 165 2500 -1250 525.11 2 333.333 0.33 400 
10 670 165 2500 -1250 770.55 2 333.333 0.32 410 
12 670 165 2800 -1500 856.16 2 333.333 0.26 500 
12 998 165 2800 -1500 627.85 2 333.333 0.25 475 
15.2 998 165 3100 -1750 799.09 2 333.333 0.23 550 
15.2 670 165 3100 -1750 1027.4 2 333.333 0.22 550 
17 670 165 3200 -2000 1141.6 2 333.333 0.21 590 
17 998 165 3200 -2000 913.24 2 333.333 0.19 575 
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5.05 1210 165 1500 -600 313.93 2.2 333.333 0.8 60 
5.05 2030 165 1500 -600 199.77 2.2 333.333 0.8 50 
6 2030 165 1700 -700 285.39 2.2 333.333 0.65 100 
6 1210 165 1700 -700 399.54 2.2 333.333 0.62 110 
7.1 1210 165 2100 -800 456.62 2.2 333.333 0.45 200 
7.2 2030 165 2100 -800 371 2.2 333.333 0.42 180 
8.1 2030 165 2300 -900 399.54 2.2 333.333 0.42 225 
8.1 1210 165 2300 -900 513.7 2.2 333.333 0.43 250 
9.2 1210 165 2400 -1100 542.24 2.2 333.333 0.37 320 
9.2 2030 165 2400 -1100 450.91 2.2 333.333 0.36 275 
10 2030 165 2500 -1100 456.62 2.2 333.333 0.34 325 
10 1210 165 2500 -1100 570.78 2.2 333.333 0.33 340 
12 1210 165 2800 -1200 684.93 2.2 333.333 0.27 450 
12 2030 165 2800 -1200 570.78 2.2 333.333 0.27 425 
15.2 2030 165 3100 -1500 742.01 2.2 333.333 0.24 500 
15.2 1210 165 3100 -1500 799.09 2.2 333.333 0.23 550 
17 1210 165 3400 -1800 856.16 2.2 333.333 0.18 560 
17 2030 165 3400 -1800 856.16 2.2 333.333 0.175 525 
19.7 2030 165 3800 -1800 998.86 2.2 333.333 0.16 575 
19.7 1210 165 3800 -1800 998.86 2.2 333.333 0.17 610 
2.05 2980 165 800 -100 62.785 2.5 1000 3 30 
2.05 2980 165 800 -100 62.785 2.5 333.333 NR  NR 
2.1 1870 165 800 -100 114.16 2.5 1000 3 35 
2.1 1870 165 800 -100 114.16 2.5 333.333 NR NR 
3 1870 165 1000 -200 154.11 2.5 1000 1.5 50 
3 1870 165 1000 -200 154.11 2.5 333.333 NR NR 
3 2980 165 1000 -200 142.69 2.5 1000 1.44 50 
3 2980 165 1000 -200 142.69 2.5 333.333 NR   
4.08 2980 165 1200 -300 154.11 2.5 1000 1 55 
4.08 2980 165 1200 -300 154.11 2.5 333.333 NR   
4.13 1870 165 1200 -300 199.77 2.5 1000 1 65 
4.13 1870 165 1200 -300 199.77 2.5 333.333 NR NR 
5 1870 165 1500 -500 245.43 2.5 1000 0.56 150 
5 1870 165 1500 -500 245.43 2.5 333.333 NR NR 
5.05 2980 165 1500 -500 228.31 2.5 1000 0.75 130 
5.05 2980 165 1500 -500 228.31 2.5 333.333 NR 55 
6 2980 165 1800 -500 342.47 2.5 1000 0.43 325 
6 2980 165 1800 -500 342.47 2.5 333.333 NR 100 
6 1870 165 1800 -500 342.47 2.5 1000 0.43 325 
6 1870 165 1800 -500 342.47 2.5 333.333 NR NR 
7.3 1870 165 2200 -800 399.54 2.5 333.333 0.37 190 
7.3 2980 165 2200 -800 399.54 2.5 333.333 0.36 180 
8 2980 165 2300 -700 450.91 2.5 333.333 0.34 230 
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8 1870 165 2300 -700 456.62 2.5 333.333 0.38 250 
9.1 1870 165 2400 -1000 468.04 2.5 333.333 0.33 300 
9.1 2980 165 2400 -1000 468.04 2.5 333.333 0.31 250 
10 2980 165 2500 -1000 513.7 2.5 333.333 0.28 325 
10 1870 165 2500 -1000 559.36 2.5 333.333 0.27 375 
12.3 1870 165 2900 -1200 627.85 2.5 333.333 0.22 475 
12.3 2980 165 2900 -1000 679.22 2.5 333.333 0.23 425 
15 2980 165 3100 -1200 799.09 2.5 333.333 0.18 500 
15 1870 165 3100 -1500 856.16 2.5 333.333 0.2 500 
17.2 1870 165 3300 -1500 856.16 2.5 333.333 0.18 550 
17.2 2980 165 3300 -1500 856.16 2.5 333.333 0.17 500 
20.1 2980 165 3800 -1600 1027.4 2.5 333.333 0.15 550 
20.1 1870 165 3800 -1600 1141.6 2.5 333.333 0.15 590 
0.9 510 300 600 0 45.662 2000 5000 NR 45 
2 510 300 800 -200 171.23 2000 2857.14 NR 120 
2 510 300 800 -200 171.23 2000 2000 NR 70 
3 510 300 1000 -350 85.616 2000 5000 NR 400 
3 510 300 1000 -350 256.85 2000 1666.67 NR 130 
3 510 300 1000 -350 256.85 2000 1000 0.7 80 
4 510 300 1100 -200 142.69 2000 2500 NR 480 
4 510 300 1100 -400 313.93 2000 1666.67 NR 280 
4 510 300 1100 -400 313.93 2000 1250 0.6 220 
5 510 300 1400 -600 399.54 2000 2000 NR 480 
5 510 300 1400 -600 399.54 2000 1111.11 NR 360 
5 510 300 1400 -600 399.54 2000 833.333 0.55 250 
5 510 300 1400 -600 399.54 2000 500 NR 100 
6 510 300 1800 -700 342.47 2000 1666.67 NR 650 
6 510 300 1800 -800 570.78 2000 833.333 0.32 520 
6 510 300 1800 -800 570.78 2000 333.333 0.42 230 
7.3 510 300 2200 -1100 684.93 2000 500 0.24 480 
7.3 510 300 2200 -1100 684.93 2000 250 0.39 180 
8.1 510 300 2400 -1300 713.47 2000 666.667 0.22 550 
8.1 510 300 2400 -1300 713.47 2000 250 0.37 240 
10.1 510 300 2600 -1300 799.09 2000 909.091 0.22 650 
10.1 510 300 2600 -1300 799.09 2000 500 0.23 540 
10.1 510 300 2600 -1300 799.09 2000 250 0.31 270 
12 510 300 2800 -1500 913.24 2000 769.231 0.21 660 
12 510 300 2800 -1500 913.24 2000 500 0.21 550 
12 510 300 2800 -1500 913.24 2000 250 0.25 380 
15 510 300 3200 -1900 970.32 2000 666.667 0.2 730 
15 510 300 3200 -1900 970.32 2000 357.143 0.2 650 
15 510 300 3200 -1900 970.32 2000 250 0.19 520 
1 510 3881 600 80 171.23 15000 666.667 NR 55 
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2 510 3881 800 30 342.47 15000 400 NR 100 
2 510 3881 800 30 342.47 15000 250 NR 60 
3 510 3881 1000 -50 485.16 13000 285.714 NR 120 
3 510 3881 1000 -50 485.16 13000 222.222 NR 110 
3 510 3881 1000 -50 485.16 13000 166.667 NR 75 
4 510 3881 1200 -50 627.85 12000 250 0.8 180 
4 510 3881 1200 -50 627.85 12000 166.667 NR 140 
4 510 3881 1200 -50 627.85 12000 125 NR 90 
5 510 3881 1400 -200 799.09 13000 200 0.58 350 
5 510 3881 1400 -200 799.09 13000 142.857 0.58 250 
5 510 3881 1400 -200 799.09 13000 83.3333  150 
6 510 3881 1800 -400 1084.5 12000 125 0.22 530 
6 510 3881 1800 -400 1084.5 12000 125 0.42 420 
6 510 3881 1800 -400 1084.5 12000 66.6667 0.45 300 
7.3 510 3881 2200 -500 1255.7 12000 100 0.33 450 
7.3 510 3881 2200 -500 1255.7 12000 66.6667 0.36 300 
7.3 510 3881 2200 -500 1255.7 12000 33.3333 0.34 150 
8.1 510 3881 2300 -500 1312.8 12000 83.3333 0.33 410 
8.1 510 3881 2300 -500 1312.8 12000 58.8235 0.36 350 
8.1 510 3881 2300 -500 1312.8 12000 28.5714 NR 170 
10 510 3881 2500 -600 1455.5 12000 76.9231 0.29 420 
10 510 3881 2500 -600 1455.5 12000 45.4545 0.34 370 
10 510 3881 2500 -600 1455.5 12000 22.2222 0.34 200 
12.2 510 3881 3000 -800 1655.3 12000 58.8235 0.26 480 
12.2 510 3881 3000 -800 1655.3 12000 38.4615 0.3 450 
12.2 510 3881 3000 -800 1655.3 12000 30.303 0.32 240 
12.2 510 3881 3000 -800 1655.3 12000 22.2222 0.32 250 
12.2 510 3881 3000 -800 1655.3 12000 16.6667 0.35 240 
12.2 510 3881 3000 -800 1655.3 12000 10 0.42 180 
15 510 3881 3200 -800 1883.6 12000 50 0.22 550 
15 510 3881 3200 -800 1883.6 12000 28.5714 0.28 350 
15 510 3881 3200 -800 1883.6 12000 14.2857 0.36 250 
17 510 3881 3500 -900 1997.7 12000 40 0.22 550 
17 510 3881 3500 -900 1997.7 12000 33.3333 0.24 400 
17 510 3881 3500 -900 1997.7 12000 20 0.32 350 
17 510 3881 3500 -900 1997.7 12000 12.5 0.37 320 
2.2 167 300 850 -300 285.39 2000 2500 1.58 140 
2.2 167 300 850 -300 285.39 2000 2000 1.65 100 
2.2 167 300 850 -300 285.39 2000 1428.57 1.95 70 
3.1 167 300 1000 -500 399.54 2000 2500 0.63 340 
3.1 167 300 1000 -500 399.54 2000 2500 1.3 220 
3.1 167 300 1000 -500 399.54 2000 1428.57 1.4 120 
3.1 167 300 1000 -500 399.54 2000 909.091 1.75 75 
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4.1 167 300 1200 -600 342.47 1500 2000 0.44 470 
4.1 167 300 1200 -600 456.62 1500 1666.67 1.05 230 
4.1 167 300 1200 -600 456.62 1500 1250 1.1 170 
4.1 167 300 1200 -600 456.62 1500 769.231 1.2 110 
5 167 300 1500 -700 456.62 1500 1666.67 0.32 570 
5 167 300 1500 -700 456.62 1500 1000 0.32 460 
5 167 300 1500 -700 570.78 1500 833.333 0.72 230 
6 167 300 1800 -1000 799.09 1500 666.667 0.23 640 
6 167 300 1800 -1000 799.09 1500 500 0.43 320 
6 167 300 1800 -1000 799.09 1500 250 0.44 240 
7.1 167 300 2000 -1100 913.24 1500 1111.11 0.21 740 
7.1 167 300 2000 -1100 913.24 1500 588.235 0.24 600 
7.1 167 300 2000 -1100 913.24 1500 400 0.34 420 
7.1 167 300 2000 -1100 913.24 1500 200 0.4 240 
8.1 167 300 2400 -1500 998.86 1500 833.333 0.26 720 
8.1 167 300 2400 -1500 998.86 1500 333.333 0.3 460 
8.1 167 300 2400 -1500 998.86 1500 200 0.34 200 
10 167 300 2600 -1500 1141.6 1500 833.333 0.23 720 
10 167 300 2600 -1500 1141.6 1500 500 0.26 620 
10 167 300 2600 -1500 1141.6 1500 200 0.31 340 
10 167 300 2600 -1500 1141.6 1500 166.667 0.35 280 
12 167 300 2900 -1800 1369.9 1500 769.231 0.21 740 
12 167 300 2900 -1800 1369.9 1500 454.545 0.21 660 
12 167 300 2900 -1800 1369.9 1500 333.333 0.24 560 
12 167 300 2900 -1800 1369.9 1500 200 0.26 430 
1.05 167 3881 600 50 313.93 13000 555.556 NR NR 
2 167 3881 800 -10 570.78 7000 384.615 2 90 
2 167 3881 800 -10 570.78 7000 222.222 NR NR 
3 167 3881 1000 -180 913.24 7000 526.316 1.2 200 
3 167 3881 1000 -180 913.24 7000 200 1.7 120 
3 167 3881 1000 -180 913.24 7000 142.857 NR NR 
3 167 3881 1000 -180 913.24 7000 76.9231 NR NR 
4.1 167 3881 1200 -250 998.86 7000 250 0.6 350 
4.1 167 3881 1200 -250 1141.6 7000 166.667 1.4 150 
4.1 167 3881 1200 -250 1141.6 7000 111.111 1.5 130 
5 167 3881 1500 -400 1484 7000 166.667 0.6 320 
5 167 3881 1500 -400 1484 7000 125 0.75 250 
5 167 3881 1500 -400 1484 7000 80 0.95 150 
6 167 3881 1900 -600 2054.8 7000 125 0.43 540 
6 167 3881 1900 -600 2054.8 7000 83.3333 0.48 270 
6 167 3881 1900 -600 2054.8 7000 50 0.57 250 
6 167 3881 1900 -600 2054.8 7000 26.3158 0.8 120 
7 167 3881 2200 -700 2283.1 7000 100 0.3 550 
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7 167 3881 2200 -700 2397.3 7000 34.4828 0.48 300 
8 167 3881 2400 -800 2568.5 7000 83.3333 0.36 550 
8 167 3881 2400 -800 2568.5 7000 55.5556 0.4 420 
8 167 3881 2400 -800 2568.5 7000 27.027 0.43 170 
8 167 3881 2400 -800 2568.5 7000 20 NR NR 
10 167 3881 2600 -900 2853.9 7000 76.9231 0.3 500 
10 167 3881 2600 -900 2853.9 7000 33.3333 0.38 260 
10 167 3881 2600 -900 2853.9 7000 22.2222 0.38 200 
10 167 3881 2600 -900 2853.9 7000 10 0.4 180 
12.1 167 3881 3000 -1000 3196.3 7000 62.5 0.29 570 
12.1 167 3881 3000 -1000 3196.3 7000 50 0.28 360 
12.1 167 3881 3000 -1000 3196.3 7000 34.4828 0.3 320 
12.1 167 3881 3000 -1000 3196.3 7000 22.2222 0.42 270 
12.1 167 3881 3000 -1000 3196.3 7000 16.6667 0.45 260 
12.1 167 3881 3000 -1000 3196.3 7000 10 0.51 180 
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APPENDIX E 
 
Electron Beam Collision Code 
 
This appendix contains the Matlab Code for the simulation of the electron beam 
propagation through the cathode sheath and through the rest of the region (after the sheath).   
The first code is under filename BeamPenetration_random_sheath.m and describes 
the energy gain of the electron beam in the cathode sheath.  Initially the energy of the 
electrons is zero (actually 0.01). The code outputs the energy profile (PMF) of the electrons 
as they exit the region. 100 simulations are run and saved. 
The second code is under the filename BeamPenetration_random.m. The code is 
similar, except initial energy is equal to the measured breakdown voltage. The code outputs 
the result of 100 simulations.  It saves the PMF, or energy profile of the beam, as it reaches 
the anode. 
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Figure E.1 Example of collision simulation in plasma region over 2 discrete steps (values are used for 
demonstration purposes only) 
 
 
BeamPenetration_random_sheath.m 
 
clear all 
close all 
clc 
%% Description 
% filename BeamPenetration_random_sheath.m 
%This code analyzes the energy gain of secondary electrons as they 
%propagate through the sheath region.  Collision are also modeled 
%The sheath lenegth is estimated and 
%the voltage is assumed linear wrt distance. Combined cross section curve 
%based upon total collision section at low energies (less than 100eV) and 
%ionization cross section at high energies 
  
%Define an excel title name for the simulation results to be saved into 
  
  
x  x  
100% at 3000eV 
99% at 3000eV 
1% at 2975eV 
98.01% at 3000eV 
0.99% at 2981eV 
0.99% at 2975eV 
0.01% at 2956eV 
No Collision 
No Collision 
No Collision 
Collision 
Collision 
Collision 
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%% User Parameters 
xcelname = '10_Torr_250_um_sheath.xlsx'; %%%%IMPORTANT!!! DO NOT SAVE OVER 
ANOTHER FILE!!! 
  
  
  
  
  
  
  
  
  
%%%%%DO NOT CONTINUE UNTIL EXCEL FILENAME IS CORRECT!!!!%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
neutral_pressure = 10; %in torr 
  
gas_temp = 300; % in deg K 
  
boltz = 1.380e-23; %in J/K 
  
ion_loss = 14.5; %energy loss of electrons due to ionization 
  
kinetic_max = 15; %this is the maximum kinetic energy lost (or transfered) 
in an ionizing collision. See chapman p125 
  
cross_section = 1e-20; %cross section area of hydrogen (or multiplying 
factor for ionization cross section curve) 
  
divisions_per_lambda = 5000; %this is the number of discrete distance 
steps per initial value of lamda 
  
simnum = 100;  %number of simulations for the montecarlo Simulation 
  
low_energy_eV = [1,4,9,16,25,36,49,64,81,100]; 
low_energy_cs = 
[0.882,12.348,20.286,20.286,14.994,10.584,7.938,7.056,6.174,5.733]; 
  
  
  
  
initial_energy = .01; % in ev initial energy after sec. elec. emission 
  
Vsheath = 2500;     % voltage across sheath 
  
Dsheath = 0.00025;  % distance across sheath 
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Vbin = 2700;        %this is the maximum voltage the bin will contain 
  
Multiplier = 100;   %multiply all energies by this number, increases dis. 
step size 
  
initial_energy = initial_energy.*Multiplier; 
  
%ionization Cross section curve in piece wise function. cut off to max 
value for some 
%time then down a ramp. 
  
cut_off = 15; % nearest ev 
max_area = 2.5; % relative to the cross section area of hydrogen(should be 
2.5)  
ramp_start = 300; %nearest ev (should be 300) 
ramp_stop = 1000; % (should be 1000)in nearest ev 
stop_area = 0.8; %(should be 0.8) relative to the cross sectional area of 
hydrogen 
  
  
  
  
%% Create Ionization Cross Section 
  
slope = (log(max_area)-log(stop_area))./(log(ramp_start)-log(ramp_stop)); 
b = max_area./(ramp_start.^slope); 
x = 1:20000; 
cs_curve = zeros(1,length(x)); 
  
for i = 1:(cut_off-1) 
    cs_curve(i) = 0; 
end 
for i = cut_off:(ramp_start - 1) 
    cs_curve(i) = max_area; 
end 
for i = ramp_start:length(x) 
    cs_curve(i) = b.*x(i).^slope; 
end 
  
%% Create low energy portion of the cross section curve 
cs_curve(1)=low_energy_cs(1); 
for ii = 1:(length(low_energy_cs)-1) 
    cs_slope = (low_energy_cs(ii+1)-
low_energy_cs(ii))./(low_energy_eV(ii+1)-low_energy_eV(ii)); 
    for i = low_energy_eV(ii):low_energy_eV(ii+1) 
    cs_curve(i)=cs_slope.*(i-low_energy_eV(ii))+low_energy_cs(ii); 
    end 
end 
  
cs_curve = cs_curve.*cross_section; % Change to units of cm^2 
loglog(x,cs_curve) 
axis([1,20000,.01*cross_section,25*cross_section]) 
hold on 
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% loglog([cut_off,cut_off],[0.0001*cross_section,max_area*cross_section]); 
title('Ionization Collision Cross Section for N2'); 
xlabel('Electron Energy (eV)') 
ylabel('Ionization Cross Section Area m^2') 
  
  
  
%% Calculate program variables from the user parameters 
  
n_target = neutral_pressure.*133.32./gas_temp./boltz;  %in #/m^3 
lamda_0 = 1./(n_target.*cs_curve(floor(Vsheath))); %in m 
step = lamda_0./divisions_per_lambda;  %in m 
ion_gain = Vsheath.*step./Dsheath; %energy gained by electric field 
between collisions 
num_step = floor(Dsheath./step); %the number of discrete steps calculated 
actual_length = num_step.*step;   %actual length of simulation in m 
initial_energy = round(initial_energy); 
  
Vmax =  Vsheath.*actual_length./Dsheath; 
  
  
%declare bins to hold the percent at each value of ev 
bsize = Vbin*Multiplier; 
percent = zeros(bsize,2); 
  
lambda = zeros(Vbin,1); 
percent_thru =zeros(Vbin,1); 
percent_collide = zeros(Vbin,1); 
  
  
  
%create the mean free path lengths and percent passing vs percent 
colliding 
%for each beam 
for i = cut_off:Vbin 
    lambda(i) = 1./cs_curve(i)./n_target; 
    percent_thru(i) = exp(-step/lambda(i)); 
    percent_collide(i) = 1 - percent_thru(i); 
end 
for i = 1:(cut_off-1) 
    percent_thru(i) = 1; 
    percent_collide(i) = 0; 
end 
  
  
  
%% Start the simulations 
progressbar % Create figure and set starting time  
  
for sim = 1:simnum 
  
    %seed the random function 
    mystream = RandStream('mt19937ar','Seed',sum(100*clock)); 
    RandStream.setDefaultStream(mystream); 
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percent(:,:) = 0; 
  
%initial we are in bin 1 and 100% of electrons are in the beam with 
initial 
%energy 
  
percent(initial_energy,1) = 1; 
  
%% Run through 1 Simulation 
toggle = 1; 
% progressbar % Create figure and set starting time  
for s = 1:num_step 
    percent(:,toggle +1) = 0;  %clear out the bin to fill 
    toggle = ~toggle;          %move to the next bin 
     
    for b = 1:Vsheath*Multiplier     %move through and analyze each beam 
energy 
        energy_collide = b+ (ion_gain - ion_loss - 
rand().*kinetic_max).*Multiplier;  %this is the new energy of an electron 
if this beam electron does collide 
        if energy_collide < 1 
            energy_collide = 1;        %energy cannot fall below 1ev in 
this model 
        end 
        energy_thru = round(b+(ion_gain)*Multiplier); 
         
        energy_collide = round(energy_collide);  %round off this new beam 
energy to fit into the next bin 
        MPF_index = round(b./Multiplier); 
        if MPF_index<1 
            MPF_index = 1; 
        end 
        temp_percent = percent(b,toggle+1).*percent_collide(MPF_index);  % 
percentage of the new collided/reduced energy beam being created compared 
to all Sec. Elec. 
        percent(energy_collide,~toggle+1) = percent(energy_collide,~toggle 
+1)+temp_percent; %add this new beam to the total beam already in the new 
bin 
         
        temp_percent = percent(b,toggle+1).*percent_thru(MPF_index); % now 
this is the portion of the beam that passes thru untouched 
        percent(energy_thru,~toggle+1) = percent(energy_thru,~toggle+1) + 
temp_percent; %add this beam to the total beam already existing in the new 
bin 
    end 
%     progressbar(s/num_step) % Update figure  
  
end 
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%% save the current simulation 
  
bin = ~toggle +1;  % set the correct bin (current bin) for analysis 
  
rangenum = xlscol(sim); 
range=strcat(rangenum,'1'); 
xlswrite(xcelname,percent(:,bin),'Sheet1',range); 
  
progressbar(sim/simnum) % Update figure  
  
end 
  
  
  
  
 
BeamPenetration_random_sheath.m 
 
clear all 
close all 
clc 
  
%% Description 
% filename BeamPenetration_random.m 
%This code analyzes the energy gain of secondary electrons as they 
%propagate through the plasma region.  Initial energy based on the 
%breakdown voltage. Collision are also modeled. Combined cross section 
curve 
%based upon total collision section at low energies (less than 100eV) and 
%ionization cross section at high energies. 100 simulations are run and 
%saved into an excel file. Stores the results at the end of the plasma 
%region (ie at the anode) 
  
%Define an excel title name for the simulation results to be saved into 
  
  
%% User Parameters 
xcelname = '10_Torr_3_cm_column'; %%%%IMPORTANT!!! DO NOT SAVE OVER 
ANOTHER FILE!!! 
  
  
  
  
  
  
  
  
  
%%%%%DO NOT CONTINUE UNTIL EXCEL FILENAME IS CORRECT!!!!%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
neutral_pressure = 10; %in torr 
  
gas_temp = 300; % in deg K 
  
boltz = 1.380e-23; %in J/K 
  
ion_loss = 14.5; %energy loss of electrons due to ionization 
  
ion_gain = 0; %energy gained by electric field between collisions 
  
kinetic_max = 15; %this is the maximum kinetic energy lost (or transfered) 
in an ionizing collision. See chapman p125 
  
cross_section = 1e-20; %cross section area of hydrogen (or multiplying 
factor for ionization cross section curve) 
  
divisions_per_lambda = 1000; %this is the number of discrete distance 
steps per initial value of lamda 
  
discharge_length = .03; %in m should set this number to be the distance 
between plates 
  
beam_current = 1; %in amps 
  
simnum = 1;  %number of simulations for the montecarlo Simulation 
  
  
initial_energy = 2500; % in ev initial energy of beam enering glow 
  
  
%ionization Cross section curve in piece wise function. cut off to max 
value for some 
%time then down a ramp. 
  
cut_off = 15; % nearest ev 
max_area = 2.5; % relative to the cross section area of hydrogen(should be 
2.5)  
ramp_start = 300; %nearest ev (should be 300) 
ramp_stop = 1000; % (should be 1000)in nearest ev 
stop_area = 0.8; %(should be 0.8) relative to the cross sectional area of 
hydrogen 
low_energy_eV = [1,4,9,16,25,36,49,64,81,100]; 
low_energy_cs = 
[0.882,12.348,20.286,20.286,14.994,10.584,7.938,7.056,6.174,5.733]; 
  
  
  
  
%% Create Ionization Cross Section 
  
slope = (log(max_area)-log(stop_area))./(log(ramp_start)-log(ramp_stop)); 
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b = max_area./(ramp_start.^slope); 
x = 1:20000; 
cs_curve = zeros(1,length(x)); 
  
for i = 1:(cut_off-1) 
    cs_curve(i) = 0; 
end 
for i = cut_off:(ramp_start - 1) 
    cs_curve(i) = max_area; 
end 
for i = ramp_start:length(x) 
    cs_curve(i) = b.*x(i).^slope; 
end 
  
%% Create low energy portion of the cross section curve 
cs_curve(1)=low_energy_cs(1); 
for ii = 1:(length(low_energy_cs)-1) 
    cs_slope = (low_energy_cs(ii+1)-
low_energy_cs(ii))./(low_energy_eV(ii+1)-low_energy_eV(ii)); 
    for i = low_energy_eV(ii):low_energy_eV(ii+1) 
    cs_curve(i)=cs_slope.*(i-low_energy_eV(ii))+low_energy_cs(ii); 
    end 
end 
  
  
cs_curve = cs_curve.*cross_section; % Change to units of cm^2 
loglog(x,cs_curve) 
axis([1,20000,.01*cross_section,25*cross_section]) 
title('Ionization Collision Cross Section for N2'); 
xlabel('Electron Energy (eV)') 
ylabel('Ionization Cross Section Area m^2') 
  
  
  
%% Calculate program variables from the user parameters 
  
n_target = neutral_pressure.*133.32./gas_temp./boltz;  %in #/m^3 
lamda_0 = 1./(n_target.*cs_curve(floor(initial_energy))); %in m 
step = lamda_0./divisions_per_lambda;  %in m 
num_step = floor(discharge_length./step); %the number of discrete steps 
calculated 
actual_length = num_step.*step;   %actual length of simulation in m 
initial_energy = round(initial_energy); 
  
  
  
  
%declare bins to hold the percent at each value of ev 
percent = zeros(initial_energy,2); 
  
lambda = zeros(initial_energy,1); 
percent_thru =zeros(initial_energy,1); 
percent_collide = zeros(initial_energy,1); 
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%create the mean free path lengths and percent passing vs percent 
colliding 
%for each beam 
for i = cut_off:initial_energy 
    lambda(i) = 1./cs_curve(i)./n_target; 
    percent_thru(i) = exp(-step/lambda(i)); 
    percent_collide(i) = 1 - percent_thru(i); 
end 
for i = 1:(cut_off-1) 
    percent_thru(i) = 1; 
    percent_collide(i) = 0; 
end 
  
  
  
%% Start the simulations 
progressbar % Create figure and set starting time  
  
for sim = 1:simnum 
  
    %seed the random function 
    mystream = RandStream('mt19937ar','Seed',sum(100*clock)); 
    RandStream.setDefaultStream(mystream); 
  
  
percent(:,:) = 0; 
  
%initial we are in bin 1 and 100% of electrons are in the beam with 
initial 
%energy 
  
percent(initial_energy,1) = 1; 
  
%% Run through 1 Simulation 
toggle = 1; 
for s = 1:num_step 
    percent(:,toggle +1) = 0;  %clear out the bin to fill 
    toggle = ~toggle;          %move to the next bin 
     
    for b = 1:initial_energy     %move through and analyze each beam 
energy 
        energy_collide = b+ ion_gain - ion_loss - rand().*kinetic_max;  
%this is the new energy of an electron if this beam electron does collide 
        if energy_collide < 1 
            energy_collide = 1;        %energy cannot fall below 1ev in 
this model 
        end 
        energy_collide = round(energy_collide);  %round off this new beam 
energy to fit into the next bin 
        temp_percent = percent(b,toggle+1).*percent_collide(b);  % 
percentage of the new collided/reduced energy beam being created compared 
to all Sec. Elec. 
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        percent(energy_collide,~toggle+1) = percent(energy_collide,~toggle 
+1)+temp_percent; %add this new beam to the total beam already in the new 
bin 
         
        temp_percent = percent(b,toggle+1).*percent_thru(b); % now this is 
the portion of the beam that passes thru untouched 
        percent(b,~toggle+1) = percent(b,~toggle+1) + temp_percent; %add 
this beam to the total beam already existing in the new bin 
    end 
     
  
end 
  
  
  
  
%% save the current simulation 
  
bin = ~toggle +1;  % set the correct bin (current bin) for analysis 
  
rangenum = xlscol(sim); 
range=strcat(rangenum,'1'); 
xlswrite(xcelname,percent(:,bin),'Sheet1',range); 
  
progressbar(sim/simnum) % Update figure  
  
end 
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